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TRANSLATOR'S PREFACE 



Physiologic Optics is a science which, on the one side, touches 
the highest philosophic problems of the human mind and, on the 
other side, keeps in intimate contact with the practical work of 
the opthalmologist, who, in his daily work of refraction, can be 
guided safely only by its principles. 

Many are the text-books on this important subject. Some are 
mere compilations of older facts and some are written by men 
that soar so high above the field of the practical work of the 
opthalmologist that their abstract scientific investigations lose 
almost all contact with these practical workers. 

The present book is neither a mere compilation nor an abstract 
theoretical investigation, but a collection of all the old and new 
scientific facts that have any bearing on the practical work of 
the oculist and optician. It is written by a man who lately has 
probably done more original work in this line than any other 
since Helmholtz and Bonders, and who, furthermore, has been 
in constant contact with practical ophthalmology. — ^Dr. M. 
Tscheming, who was born in Denmark in 1854, studied ophthal- 
mology at Copenhagen under the philosophic mind of Hansen 
Grut. Since 1884 he has been adjunct-director of the laboratory 
of opthalmology at the Sorbonne, where, since the deplorable 
disability of Javal, he himself has performed the functions of the 
director. This laboratory, which was founded in 1876 for Javal, 
after he had b|ecome widely known by his translation of the 
Physiologic Optics of Helmholtz, has given a new impetus to 
this science in France. 

Here Tscheming has made all his important original investi- 
gations, especially on ophthalmometry, the catoptric images of 

the eye, astigmatism, spherical aberration and accommodation. 

m 



All this original work, as well as that of former investigators, 
is described in this book with great clearness and succinctness, 
almost entirely free from tedious mathematical encumbrances. 
Instead of long formulae, the experiment and simple geometrical 
deductions are employed to explain the observed phenomena. 
The translator has endeavored to reproduce the clearness and 
brevity of expression of the original as much as possible. How 
far he has succeeded in this, it is not for him to judge. 

This English edition, as has been indicated on the title page, 
contains many additions in the text by Dr. Tscherning, who has 
thus brought his book thoroughly up to date. The few notes, 
added by the translator, have been included in brackets with the 
letter Ww appended. A list of illustrations and an index have 
been compiled to enhance the practical value of the book. 

It is true that some of the ideas expressed by the author, es- 
pecially those about the use of mydriatics for ordinary purposes 
of refraction and the use of spectacles, are not in accord with 
current views about these subjects on this side of the Atlantic. 
But even those who cannot agree with the author on these 
questions, will find many new facts and ideas which will make 
a study of the book of great interest and profit. The translator 
only hopes that the reader may experience the same intellectual 
pleasure that he felt while reading and translating this work of 
one of our greatest investigators in the field of physiologic optics. 

Carl Weiland, M. D., Philadelphia, U. S. A. 
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PHYSIOLOGIC OPTICS 



BOOK I 

OCULAR DIOPTRICS 



CHAPTER I 

OPTIC PRINCIPLES 

1. Optio Properties of Bodies. — Bodies are of three kinds; 
transparent bodies^ through ^hich we can see objects, tran slucen t 
bodies such as ground glass, through which we perceive light, 
but cannot distinguish form, and opaqu e bodies. — No body is 
absolutely transparent. Pure water is transparent, but very little 
light will pass through a great thickness of water. — On the 
contrary very thin layers of opaque substances are more or less 
translucent, as all know who have examined microscopic pre- 
parations. 




Fig. 1. — ^A, Inminoiis sooree; B, opaque body; G, shadow; D, penumbra. 

2. Bectilinear Propagation of light. — In a homogeneous me- 
dium light is propagated along straight lines which are called 
luminous rays. 

Shadows. — When rays emanating from a luminous point fall 
upon an opaque body there is produced behind the latter a shadow 
which is conical in shape. We can construct the form of this 
shadow by drawing straight lines joining the different points of 
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the border of the body with the luminotis point. If, instead of a 
pointy the source is a luminous surface the shadow is surrounded 
by a penumbra, the intensity of which diminishes more and 
more towards the periphery. An observer placed in the shadow 
C could not see any point of the luminous surface ; placed in tbe 
penumbra D he would see a part of that surface, greater in pro- 
portion as he approaches the border. 

Images Produced by a Small Aperture. — Rays passing 
through a small aperture into a dark room form on a screen an 
inverted image of exterior objects. By diminishing the aperture 
the image gains in distinctness, but loses in luminosity. Photo- 
graphs may be taken in this way. 

« 

3. Befleotion and Absorption. — Rays which strike the sur- 
face of an opaque object are partly absorbed and partly reflected. 
If the surface is not polished the rays are reflected in a diffuse 
manner: each point of the surface sends back light in all di- 
rections. It is through the agency of this irregularly reflected 
light that objects are visible, and the fact that they are visible, 
whatever may be the position of the observer, provided the rays 
are not intercepted, proves conclusively that any point whatever 
of the surface sends rays in all directions. 

4. Begolar Befleotion. — The more polished the surface the less 
diffuse is the reflection. Thus the surface of a highly polished 
mirror is but slightly visible. Polished surfaces reflect rays 
regularly following a law which was known from remote ages, 
viz., that the reflected ray is in the same plane with the incident 
ray and the normal to the point of incidence, and that both rays 
form equal angles with the normal, which is expressed by sa3ring 
that the angle of incidence and the angle of reflection are equal. 

The effect of this reflection is to produce images of external 
objects. The image of a point is the place where the rays which 
emanated from that point meet again after reflection or refrac- 
tion. In order that the image may be perfect, all the rays em- 
ployed should meet in a point. Generally this condition is not 
quite fulfilled, there being more or less pronounced aberrations. 
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— ^A point and the image of this point we designate as conjugate 
points. — ^An image is real when the rays proceeding from a 
point meet again in a point; it is virtual when it is formed not 
by the reunion of the rays themselves, but of their prolonga- 
tions. — ^A real image can be received on a screen; a virtual image 
cannot, but it is visible to the eye which is in the path of the 
rays because the optic system of the eye forms a real image of it 
on the retina, exactly as if the virtual image was an object. 

5. Plane Mirrors. Conttmotion of the Image. — Let fall from a 
point A (fig. 2) of the object a perpendicular AB on the sur- 
face, D£, of the mirror, and mark on its prolongation a point 




Fig. 2. — ^Befleetion on a plane mirror. A, the object; 
A', its image; D£, the mirror; AC, incident ray; 
GF, reflected ray. 

A' so that AB is equal to A'B. A' is the image of A, for since 
AB^A'B, the two angles o are equal, and consequently also the 
two angles i, each of which is equal 90° — ®. The image formed 
by a plane mirror is virtual, erect and equal in size to the object. 

To tell whether a mirror is true place the eye near the surface 
by way of observing images under as great an incidence as 
possible. If the mirror is not true the images of external ob- 
jects are deformed. One can also notice these deformities very 
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distinctly by placing oneself quite a distance in front of the 
mirror and observing the images of distant objects. 

6. Concave Spherical Xirron. — ^The middle of the spherical 
surface is called the apex, a straight line passing through the 
center and the apex is the axis, and the angular measurement of 
the mirror is the aperture. In order that images may be true the 
aperture must be small (8 to 9 d^;rees). The principal focus 
of the mirror is the place where incident rays parallel to the axis 
meet after reflection. The principal focal distance is the distance 
of the principal focus from the mirror. 

In All Optic Phenomena the Course of the Rays is Re- 
versible. — If in figure 2, the ray AC is reflected along CF, an 
incident ray along FC is reflected along CA.-^It follows that 
rays coming from the principal focus of a concave mirror must 
be parallel after reflection. 

The principal focus of a plane mirror is at infinity, because 
incident parallel rays are still parallel after reflection. 
The principal focus of a concave mirror is situated half way 

between the apex and cen- 
ter. We have, indeed i=i 
(fig. 3), since the angles of 
incidence and reflection are 
equal, and i=BC^ because 
the incident ray is parallel to 
the axis. It follows that C^ 

_ ^ , . =B*, but as the aperture is 

Fig. 3. — ^Befleetion on a eoneave mirror. " 

C, the center; ♦, the focus. very small, we can consider 

B*^Q*, therefore C*= 
Q*=: jL, if we designate the radius by R. 

A ray passing through the center is perpendicular to the sur- 
face; it is consequently reflected on itself. 

Construction of the Image. — To find the image Bj of a 
point B (fig. 4), it suffices to trace the course of two rays which 
have emanated from that point; the image must be at the place 
where they intersect after reflection. After what has been pre- 
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viously stated we already know the course of three rays pro- 
ceeding from the point B. 

i^. The ray BM, which is parallel to the axis, passes after 
reflection through the focus ^; 




ig. 4. — Befleetion on a eoneave mirror. ConBtraetioiiB of the image, I, of 
an objeet O; C, the eenter; ^, the foeos. AS=/xy A'S=/t, 8^=F, 



2^. The ray B^, which passes through the focus, is reflected 
parallel to the axis since the course of the rays is reversible ; 

3**. The ray BC, passing through the center, is reflected on 
itself. 
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Two of these rays suffice for the construction. By combining 
them, two by two, we obtain the three different constructions 
shown in figure 4. 

Size of the Image. Relations Between the Distances of 
Conjugate Points. — Let us consider the line BA=0 (fig. 4a) 
as the object ; I is its image. And supposing SL=I and MS= 
O, the triangles AB^ and SL^ on one side, and the triangles 
SM* and A'B'* on the other give us the relations 

O /i F 

— = — = — or A /s=FF (Newion)i. 
I F /, 



The formula 



0/1 02/1 

— ^ — can alio be written — = — ; 
IF I R 



which is the formula we use later in opthalmometry. — ^As we 
have li=fi — F and /2=/2 — ^9 ^^^ formula of Newton 

lxk=FF 

can also be written 

F F 111 

-4-- = lor-4- - = — 

A A /i Jt F 

The first of these two formulae is that of Helmholtz; and, as 
we shall see, it is altogether general. The second is identical with 
that of infinitely thin lenses. 

By construction or formula we find that: 

i^. The image of an object placed beyond the center is situated 
between the center and focus. It is real, inverted and diminished; 



(1) In thin formula and those which follow I designate by: 

0. the object; 

1. the image: 

Ru the radius of the first surface ; 
R» the radius of the second surface; 
F4. the anterior focal distance; 
F» the posterior fooal distance; 
/«, the distance of the object from the surface ; 
/» the distance of the image from the surface; 
li, the distance of the object from the anterior focus ; 
If the distance of the image from the posterior focus ; 

For mirrors and lenses surrounded with the same media on both sides we have 
F4— F,=F. 
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2°. Ajs the course of the rays is reversible, an object placed 
between the center and the focus gives an image situated beyond 
the center, and this image is real, inverted and enlarged; 

3°. An object placed between the focus and the mirror forms 
its image behind the mirror. This image is virtual, erect and 
enlarged. 

7. Convex Mirrors. — ^As in the case of concave mirrors, the 
focus is i^aced at an equal distance between the surface and 










Fig. 5. — ^Befleetioii on a eonvex mirror. C!o]i8traetioii of the image. 

0| the center; #, the foeos. 

center. The construction (fig* 5) is the same as in the preceding 
case, and the formube also, but the distances of tiie points 
situated behind the surface must be considered as negatiYe; we 
have therefore 

1 1 1 



/i A F 

The image of a real object is always zHrtual, erect and di- 
minished; it is situated between the surface and the focus. 

8. Practical Semarks. — One can tell whether a mirror is con- 
vex, concave or {dane by placing the eye near the surface. A 
convex mirror forms a diminished image of the eye, a concave 
mirror gives a magnified image (provided the eye is between the 
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focus and the mirror.) The image formed by a plane mirror 
is the same size as the object. 

To determine the focal distance of a concave mirror we can : 

1. Form the image of a distant object on a screen: the dis- 
tance of the mirror from the screen is equal to the focal distance; 

2. Place the screen by the side of a flame and find the distance 
from the mirror at which the image appears distinct. The dis- 
tance of the mirror from the flame is double the focal distance^ 
for since the object and image are, in this case, at the same 
distance from the mirror, this distance is equal to the radius of 
the mirror or double its focal distance. We determine the focal 
distance of a convex mirror by finding the position of the screen 
at which the reflex which the mirror forms of a distant flame 
has a diameter equal to double the diameter of the mirror. The 
distance of the mirror from the screen is equal to the focal 
distance, as a simple geometrical construction will showi — ^For 
all small mirrors opthalmometric processes are used. 

Concave mirrors, like convex lenses, make rays converge, 
while convex mirrors make them diverge. For this reason con- 
vex mirrors are used as opthalmoscopes when it is desirable to 
have a very feeble light. 

A combination of a plane mirror with a convex lens acts like 
a concave mirror with a focal distance equal to that of the lens 
or half of it, according as the light traverses the lens once or 
twice (opthalmoscope of Coccius). A combination of a plane 
mirror with a concave lens acts like a convex mirror. 

Portion of Mirrors Used. — Except in the case when an 
image is projected on a screen it is only a small part of the 
mirror that is utilized. We can find this part by constructing 
the image I (fig. 6) of the object O and by joining by straight 
lines its margin with the margin of the observer's pupil. These 
straight lines delimit the utilized portion of the mirror AB. We 
could also construct the imag|e of the pupil and join this image 
to the object; the result would be the same. 
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9. Sefraotion. — ^When a luminous ray strikes a polished sur- 
face separating two transparent media is it divided into two, a 




Fig. 6.^<?oiifltraetioii of the utilised part AB of a mirror. 

reflected ray which is thrown back into the first medium and a 
refracted ray which continues its course in the second (fig. 7). 

The three rays are in the same plane which 
contains also the normal to the point of in- 
cidence. The angle of reflection is, as we 
have seen, equal to the angle of incidence, 
but the angle of refraction ( formed by the 
normal and the refracted ray) is different. 
Its size is determined by the law of Des- 
cartes (SnelUus). The ratio between the 
sine of the angle of incidence and the sine 
of the angle of refraction is constant, what- 
ever may be the angle of incidence, as long 
as two media remain the same. 




Fig. 7. 



till i 
nn r 



= n 



The symbol n denotes the index of refraction, and the index 
of air is generally adopted as the unit. The index of water in 
relation to air is } = 1.333, that of glass in relation to air is ap- 
proximately f =1.5. The index of glass in relation to water 
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is, then, |-j-J=s|, etc. In the formulae which follow n de- 
notes the index of the second medium as compared with that 
of the first. 



10. Quantity of Seflected light. Total Beflection. — The quant- 
ity of lig^t regularly reflected increases with the angle of m- 
cidence, with the difference of index between the two media, and 
lastly with the degree of poish of the surface. In air a highly 
polished glass surface reflects about 4 per cent, of incident light, 
if the angle of incidence is negligible. Good metallic mirrors 
reflect about two-thirds of the incident light. 

Total reflection takes place when light, propagated in a dense 
medium, meets at a large angle of incidence the surface which 
separates the dense medium from a rarer one. 




Water 



1/ 



Fig. 8. — ^Total Reflection. 

Let AB (figi. 8) be the surface separating* the air from the 
water and O a luminous point in the water. QD is a ray which, 
on reaching the surface, is divided into two, DE which is re- 
fracted and DF which is reflected and much fed)ler; the next 
rays OG and OH are equally divided; the emerging ray is al- 
ways more and more refracted and loses more and more in 
intensity, while the reflected ray gains in intensity; and when 
the angle of incidence reaches a certain size, the emergent ray 
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forms an angle of 90^ with the normal^ that is, it glances along 
the surface. We designate as the critical angle the angle of in- 
cidence which corresponds with an angle of refraction of 90®. 
In this case sin r= i ; therefore, 



sin t 

sin r 



= « = 



sin t 



=8in t =«. 



In our case 11=3/4, sin 1=0.75 ^^^ ^^^ critical angle is about 
49^. // the angle of incidence exceeds the critical angle all the 
light is reflected (total reflection) (OK, fig. 8). 

If we pour water into a glass and try to look obliquely from 
below upwards through the surface of the water this surface 
appears like an absolutely opaque metallic surface. No ray 
coming from above reaches the eye 
because all are deflected towards the 
bottom of the glass by refraction. If 
we dip a pencil in the water we see 
it mirrored in the surface ; rays com- 
ing from the pencil reach the eye after 
total reflection at the surface of the 
water. 

As this form of reflection is the 
most complete of all, it is frequently 
used in optic experiments. The most 
usual application of it is in the rec- 
tangular prism; looking perpendicularly at one of the faces we 
see an image of objects placed in front of the other face, formed 
by total reflection on the hypothenuse (fig. 9). Nor need the 
prism be rectangular; a prism of 60° gives a like result; but in 
every case the three faces must be polished. 

11. Befraction by Plates with Plane and Parallel Snrfaoes. 
— ^The incident ray and the emergent ray are parallel, for we 
have r=r (fig. 10), since the surfaces are parallel, and conse- 
quently also *=*. The emergent ray has suflFered a displacement 
towards the side whence the light comes. 




Fig. 9.— Priflm with total 
reflection. 
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12. Beftaotion liy a Priim. — Seen through a prism an object 
seems deflected towards the apex of the prism. The angle be- 
tween the direction along which the object is seen and that in 
which it really is found is called the dezHOtion. If « (fig. ii) is 
the angle of incidence, i\ the angle formed by the emergent ray 
with the normal^ A die angle of the prism, and d the deviation, 
we have 

for 

and 





/. 




1 \ 
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Fig. 10. — ^Refraction by a plate with Fig. 11. — ^Refraction by a priam. 
plane and parallel sarfaces. 



dierefore 



d=:if«i— A. 



The deviation is least when t=t\, the course of the rays is 
then symmetrical, and we have: 



=2r and d=2i— 2r=2i— A. 
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In the formula 

sin iz=n sin r 

we can replace the sines by the arcs if the latter are small ; 
therefore and 

i=nr 



=(»-l)A. ^ ^ 



If the prism is glass, we have n= f approximately, n — 1=:|. 
Therefore the deviation produced by a weak prism is equal to 
half its angle. 



13. Beftaotion liy a Spherical Snrfaoe. — Incident rays parallel 
to the axis reunite at the posterior forces ^2 (^?* ^^)' '^^^ 




Fig. 12. — ^Refraction bj a spherical surface. ^, the anterior focus; ^, 

the posterior focus; C, the center. 

distance S^2 ^^ known as the posterior focal distance; it is ex- 
pressed by 

Ff= 

« — 1 

for we have 

C*i__ rin r 



R nn (f— r) 

or, if the angles are small, 

n*f ^_r__-.__r_^-. ]_ 

"R" i—r nr—r n — 1 
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Therefore 

C*j_ R 



If — 1 
and 



« — 1 ■ If — 1 



After refraction the rays ccmiing from the anterior focus 
^^ are parallel to the axis. Its distance <I>|S=F^ is called the 
anterior focal distance and is expressed by 



r,=. ^ 



« — 1 

indeed, we find this valtte by a calculation analog|ous to that by 
which we have found the posterior focal distance. 

d=< — r-^^ — Ta or for small angles 

d=nr— r+nrr--r4=(»— 1) (r+r4)=(n— 1) A.]— W. 

We note that 

P«=Pi+B=nFi 

that is to say: 

I®. The difference between the focal distances is equal to 
the radius; 

2°. The ratio bettveen the focal distances is equal to the ratio 
bcttven the indices of the corresponding media. 

3°. In fig. 12 we have 

♦i s=*» C=Pi 

4» B=*i C=Ft 

The distance of the center from the posterior focus is equal 
to the anterior focal distance, and the distance of the center from 
the anterior focus is equal to the posterior focal distance. 



(1) [The author here derives this formula from that for the least deTiation. 
It may be derived in a more general way thus: 
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Construction of the Image. — ^To construct the image of a 
point situated outside the axis we can draw : 

1°. A ray passing through the center; it is not refracted; 

2°. A ray parallel to the axis: it is refracted towards the 
posterior focus; 

3^. A ray passing through the anterior focus: after refraction 
is parallel to the axis. 

The point of intersection of two of these straight lines is the 
image. There are three possiUe constructions^ therefore, by 
which we may obtain the image of this point 
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Fig. 13. — ^Befraetion by a spherical surface. Constmctioii of the image. 
C, the center; ^, the anterior focus; 4i, the posterior focus; O, the 
object; I, the image. A8=/i, BS=/s, A«i=2i B«i=b. 

Fig. 13 shows the construction by means of rays 2® and 3°. 
The triangles DA<l>j and ^^SG and the triangles HM^I^j ^^^ 
^I^^BE being similar, we have the same relation as for the mirrors 

^ = -^ =ii 

I Fi It 

whence we deduce the two general formulae 



/i h = F, F, tm 

The image is real and inverted when the object is beyond the 
anterior focus; it is smaller than the object if the distance of 
the latter from the surface is greater than 2Fj, largier if the 
distance is less than 2F^. If the object is between the focus 
and the surface^ the image is virtual, erect and enlarged and 
behind the object. 
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If the surface is concave the radius is to be considered n^;a- 

tive. The focal distances then become negative : F, = 5-, F 

^ — .fA, which indicates that the anterior focus is situated 

behind and the posterior focus in front of the surface. 

If, in this latter case, the rays pass from a dense medium 
(with index= it) into a rarer medium (with index = i), we 
must in the formulae replace it by -L . Tbe focal distances then 
become positive again: Fj= 2^, F2= i. This is what hap- 
pens when rays, after having passed through the first surface 
of a biconvex surface, meet the second. 

Power of a Refracting Surface. — ^The refracting power of 
a surface is expressed in dioptrics by the inverse of the anterior 
focal distance measured in meters: p-_ l — » — 1 . ^j^ 

Fi R 

If for example the anterior focal distance is 24 millimeters 
(anterior surface of the cornea) the refracting power is D=-A^ 
=42 dioptrics. 




Fig. 14. — ^Befraetion by a parabolic surface. A, laminous point; F, its 
image; BG, normal; BH, radius of curvature. 



(1) [In other words, we define the refractiTe power of a convex surface at a 
certain point B (fig. 14) as the dioptric power of an infinitely thin plano-conTex 
lens obtained by cutting off a piece of the refracting surface by a plane at right 
angles to the normal at B and very near to this point. Such detached piano- 
convex lens, surrounded by the first medium, has a posterior focal distance Fs 

equal to the anterior focal distance F4, equal to ^ and a refracting power 

«•— 1 
^ I —1 . If the surface is not a sphere but a surface of revolution 

"" Fa " Fi " R 

of the second degree, we must replace R by the normal N at the point B.] — ^W. 
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Refraction by a Surface of Revolution of thf Second 
Degree. — If the luminous point is on the axis, refraction at a 
given point B (fig. 14) takes place in the same manner as if the 
surface was replaced by a sphere drawn around the point G 
where the normal BG meets the axis. If we designate as N the 
normal BG, the refracting power of the surface at the point B 

is therefore ^ = ^J7 ^ * 

We can indeed calculate the focal distances for a surface of 
revolution exactly as we have done for the sphere, and we find 
the same expressions by replacing^ R by N. It is well to note 
that it is the normal BG and not the radius of curvature BH 
which enters into the formulae. — ^These remarks are of im- 
portance for the theory of accommodation and of keratoconus. 

14. Infinitely Thin Lensei. — ^The theory of lenses is very simple 
if we can neglect the thickness. We designate as axis the 
straight line which joins the two centers of the surfaces, and as 
optic center the point where this axis crosses the lens. This 
point enjoys this property that a ray passing through it crosses 
the lens without deviation. 



Focal Distance of a Biconvex Lens. — ^Let us designate the 
radii of curvature of the two surfaces as R^ and R,. Incident 
parallel rays which meet the first surface are refracted towards 
the posterior focus, the distance of which, as we have seen, is 
equal to * ^ .. This point now acts as the object for the second 
surface ; as it is behind the latter its distance is to be considered 
as negative. In the formula 

/, is therefore equal to — i^^ F^ has the value of .^^ and 
Fg of -Bl. (§13). We have therefore 
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»Ri Ri 

n — 1 



n — 1 



= 1 



or 



Ri _i_ Ri 

Ri t I Rt -» Ri H" Ri 

(»-l)/f Ri Ri 

^<— )¥#='• -'>(io. 

The posterior focus of the lens is deduced, therefore^ from the 
expression 

4-<— )(ilr+i). 

The anterior focal distance is equal to the posterior focal dis- 
tance, for it is clear that on rotating the lens die expression ^ 

remains the same. We must replace R^ by Rj, and vice versa, 
which does not change the expression. 

CbNSTRUcnoN OF THE Image (fig. 1$). — ^To cQustruct the 
image A' of a point A we can draw : 

I®. The ray AC passing through the optic center: this ray 
suffers no deviation; 

2®. The ray AD parallel to the axis : after refraction this ray 
passes through ^2 ' 

3°. The ray A*i passing through the anterior focus: after 
refraction this ray is parallel to the axis. 




Fig. 15. — Constraction of the image formed by a thin lens. BO=/i, B'O: 

/«, C*i C»c=P, B*i=li, B'#K=t. 
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These three rays intersect at the point A, but two snfTice to find 
this point 

The triangles AB^^ and ^^CE on one side, and the triangles 
DC*2 ^"^ *aB'A' on the other give us, as in the case of the 
mirrors, the relations: 

O = '» = F 
I "F -;— or A /i= F« 

h 

which can also be written ' 



A A A A ^ ' 

By the formula or by construction we find the following re- 
lations between object and image: 

1. If the object is beyond the focus, the image is real and 
inverted, and on tbe other side of the lens. It is enlarged if 
the distance of the object from the lens is less than double the 
focal distance, diminished in the contrary case. If the distance 
of the object from the lens is equal to double the focal distance, 
the object and image are of the same size. 

2. If the object is between the focus and the lens, the image 
is virtual, erect and enlarged; it is on the same side of the lens 
as the object, but farther away. 

If, after having placed a strong lens on a printed sheet, we 
withdraw it gradually from the sheet, looking through it at 
some distance we see at first an erect image which is virtual 
and situated back of the lens and which increases in size the 
farther we remove the latter, until the sheet is at the focus; at 
that moment the image disappears (it becomes so large that a 
single point fills the entire field of the lens). Withdrawing the 
lens still farther we see an inverted image situated between the 
lens and the eye. It is enlarged at first, but rapidly diminishes 
according as the lens is removed. 

Concave Lenses. — While biconvex lenses and plano-convex 
lenses, which act in the same manner, make incident rays con- 
verge, concave lenses make them diverge. The formula of the 
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focal distance remains the same, but as the surfaces are concave 
the radii must be considered as negative: 



4-<-'(=V^-W). 



The focal distance is therefore negative also, that is to say 
the focus is on the side from which the rays come. Incident 
parallel rays continue their course as if they come from the 
focus situated on the same side as the object. 

The construction of the image is analogous to that which we 
have employed for biconvex lenses. It gives us the same rela- 
tions as before with the necessary changes of the signs: 



As long as the object is real^ the image is virtual, erect and 
smaller. It is at the focus when the object is at infinity. Ac- 
cording as the latter approaches the lens^ the image does like- 
wise, (i) 

Menisci. — ^A lens, one surface of which is convex and the 
other concave, is called a meniscus. According as the radius 
of the convex surface or that of the concave surface is smaller 
the meniscus is convergent or divergent (positive or negative). 
The positive meniscus is thicker in the middle, the negative is 
thicker towards the edges. These rules are valid, however, only 
when the thickness is negligible, which often does not happen. 

Methods of Measuring the Focal Distance of a Lens. — 
The method most frequently employed by oculists consists in 
looking at exterior objects through the lens, subjecting the 
latter to slight displacements. We then notice that exterior 
objects are displaced in the same direction as the lens if the 
latter is concave, in the contrary direction if it is convex. In 
other words, if the eye is in front of the middle of the lens the 
rays reach it without any deviation; but if the eye is placed be- 



(1) Oenerally the object and image moTe In the same direction in all cases 
of refraction, in an opposite direction in cases of reflection. 
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fore a peripheral part of the lens it receives rays deflected by 
reason of the prismatic effect of the glass, and this effect is 
greater in proportion as the part throng^ which the eye looks 
approaches the periphery (fig. i6). — ^To determine the focal 
distance of a lens we find in the test case the glass which 
neutralizes it (i). 





Fig. 16. 



But we must remember that the numeration of the glasses in 
the test case is frequently not very exact. — ^Lenses have the 
same curvature cm both sides; we have therefore -A-^ ^^*~^^ ; 
the index of the lens is approximately 11=1.5, which means that 
the focal distance and the radius are nearly the same length 
/-L .l?*zlL^^) . — It was customary for a long time to 
number lenses according to their radius of curvature; as the 
index is generally a little more than 1.5, it would follow that the 
strong lenses would have a focal distance somewhat less than 
the number they bear, but in the case of convex glasses the 
error would be nearly compensated for by the influence of the 
thickness of the glass. 

Later, numeration by dic^tries (2) was introduced; and to 

(1) We can also naa wlUi advantage the American spherometer, a little instru- 
ment with which we measure the radius of cunrature and thus IndlrecUy the 
refraeUns power of the glass. 

(2) tin 1872 Ifonoyer, of France. Ilret proposed the term "Aioptrie," He says 
In the Annales d'Oeulistique, Vol. 68. page 111 : "Cett le p<mvoir dioptriqtie de 
la lentWe &un metre <m 100 oentimitret de Umgueur fooale qui doit $ervir d'unM. 
Cette unit4 noua I'appeUenmi unit4 mitriqne cu decimate de r^raction ou $imple- 
fnent — DIOPTBIS — ti I'on veut Wens notis permettre oe niologiatne dMv^ con- 
formSmeni aux u9affeM BoientiflqueM. This term has heen adopted all over the 
world and in English can have only one philologically correct translation, that is 
dloptry. This correct form has been employed, instead of diopter, all through 
this work.] — W. 



22 PHT8I0L00IC OPTICS 

obviate the necessity of changing the moulds in which glasses 
are ground the manufacturers simply wrote the numbers in 
dioptries on such of the old lenses as most nearly corresponded 
with such numbers. It is only recently that lenses have been 
manufactured strictly according to the dioptric series. 

For all these reasons it may be useful for an oculist to be able 
to determine the focal distance directly. For convex lenses we 
need only form the image of a distant object on a screen. The 
distance of the lens from the screen is the focal distance.-^For 
the concave lenses we place a flame at a great distance so that 
it forms its virtual image at the focus of the lens ; we then place 
a screen behind the latter and find the position to give to it in 
order that the luminous circle formed by the lens would have a 
diameter equal to double that of the lens. The distance of the 
latter from the screen is the equal to the focal distance. 

We can determine the radii of curvature by means of reflec- 
tion images, by following the formulae which we have given for 
the mirrors. Knowing the radii and focal distance we can cal- 
culate the index by the formula ±. -(»-i) (JL + ^). 

Refracting Power of a Lens. — ^The refracting power (D) 
of a lens is expressed in dioptries by the inverse of the focal 
distance measured in meters: 

We can better realize the meaning of this expression if we 
recall the fact that we expressed the refracting power of a 
surface by the inverse of the anterior focal distance, ^^^- The 
refracting power of an infinitely thin lens is, therefore, simply 
the sum of the refracting powers of its two surfaces. 

The refracting power of an optical system composed of sev- 
eral infinitely thin lenses placed very near one another is equal 
to the sum of the powers of the lenses. 



piM 
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15. Theory of Oavis. — ^If the lenses are not so thin that their 
tfiickness can be neglected, nor placed so near one another that 
we can n^lect their distances, we can find the position and size 
of the image by construction or by calculation by the rules which 
we have given for refraction by spherical surfaces : we construct 
or calculate in the first place the image formed by the first sur- 
face ; this image then serves as the object for the second surface 
and so forth. But it is much simpler to use the theory of Gauss. 
We will briefly explain the essential points of this theory, which 
is applicable to every optical system composed of spherical sur- 
faces, supposing that the system be centered, that is to say that 
all the centers of the surfaces are on the axis and that the 
aperture of the surfaces is small. 

According to the theory of Gauss, every optic system has 
six cardinal points, namely : 

Two principal points, h^, h, (fig. 17) ; 

Two nodal points, K^, K^ ; 

One anterior focus, *j ; 

One posterior focus, ^2* 

The anterior focal distance, F^=<b^ A^, is the distance of the 
anterior focus from the first principal point; it is equal to the 
distance of the second nodal point from the posterior focus, 

The posterior focal distance, F^^zh^^t^, is the distance of the 
second principal point from the posterior focus; it is equal to 
the distance of the anterior focus from the first nodal point, 
<b K 



t! 



!^ ^^ 



i?g 



. 17. 



It follows that the distance of the first principal point from 
the first nodal poinit is equal to the distance of the second prin- 
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cipal point from the second nodal point and to the difference 
between the focal distances F, — F^. The distance between the 
two principal points is equal to the distance between the two 
nodal points. 

The ratio between the focal distances is equal to the ratio 
between the indices of the first and last medium ^ ^n. 

It 1 

We call principal planes two planes perpendicular to the axis 
and passing through the two principal points. The image of an 
object situated in the first principal {Jane is formed in the 
second principal plane and znce versa. It is the same size as the 
object and its direction is the same as that of the object. 

A ray which, in the first medium, passes through the first 
nodal point, passes, after refraction, through the second nodal 
point, and the directions of the ray before and after refraction 
are parallel. 

Knowing the position of the cardinal points, the image of a 
given point can be found by construction or calculation in a 
manner analogous to that which we have already employed in 
the case of infinitely thin lenses. To find the image of the point 
G (fig. i8) by construction we can choose two of the three 
following rays : 




Fig. 18. — Gonstrnetion of the image I of the object O. L^=Ii, ^ lii=Fi| 

Jjhi=fi M«i=lt, «i %c=Ft, M^a=/a. 

1°. The ray GA, which is parallel to the axis, must cut the 
second principal plane at D, at a distance from the axis equal 
to AAj, and it must pass through *2- ^^^ direction is therefore 
DH. 
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2^. The ray GB^ which passes through the anterior focus ^^y 
must, after refraction, be parallel to the axis : It will then take 
the direction EH. 



3^. The ray GK^, directed towards the first nodal point, takes, 
after refraction, the direction K, H, parallel to its first direction. 

The triangles GL^^ and Bh^<t^ on one side and the triangles 
DA2^2 ^^^ HM^2 ^^ ^^ other gjive the relation. 



I F, It 



We have, therefore, as before /j/^rnF^F^, and we can deduce 
the other general formula ^ + 2* = i. — Note that /^ is 
reckoned as F^ from the first principal point, /^ on the contrary 
from the second principal point. 




Fig. 19. — Oonstrnetioii to find the leeond prineipal plane. 



Methods of Finding the Cardinal Points of a Given 
System. — a. Construction (fig. 19). — V/t draw an incident ray 
parallel to the axis and we construct its course by the law of 
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Descartes or by the formulae which we have given for refraction 
by spherical surfaces. We thus find the posterior focus. We 
then prolong the incident and emergent rays ; their point of in- 
tersection is situated in the second principal plane, and the per- 
pendicular let fall from this point on the axis marks the second 
principal point h^. Repeating the same construction with a 
ray parallel to the axis, coming from the other side, we find in 
the same manner the anterior focus and the first principal point. 
Knowing these four points we can deduce the positon of the 
nodal points, since the distance of the first nodal point from the 
anterior focus is equal to the distance of the second principal 
point from the posterior focus, etc. 

b. Calculation. — ^Let us desig^te by A and B the two optic 
systems which we wish to combine, their focal distances by F'^ 
and F'2 (for the system A) and by F^\ and F'\ (for the system 
B), and the distance of the posterior focus of the system A be- 
hind the anterior focus of the system B, by d. We can then 
find the cardinal points of the combined system by means of 
the following formulae in which y^ indicates the distance of the 
anterior focus of the combined system behind the anterior focus 
of the system A, and y^ the distance of the posterior focus of 
the combined system in front of the posterior focus of the 
system B. 



n^ ^'^^'* - r.= !:il."» 



• 



d d 

The deduction of these formulae offers no difficulties. An iw- 
cident ray, parallel to the axis, will pass after refraction by the 
system A, through its posterior focus, and, after refraction by 
system B, through the point * (fig. 19a) ; the posterior focus of 
the compound system. Its prolongation meets the prolongation 
of the incident ray at D so that h^ is the second principal plane 
of the compound system. After the formula of Newton we have 
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b d+r"i yt+¥' , 



On the other hand the figure gives us the relations : 

_F '«(F'^iF^^,-frfF''«) 
F'fF"f 



We find the value of y^ and F^ by supposing the light to come 
from the other side. Knowing thus the focal distance and the 
position of the fod it is easy to calculate those of the other 
cardinal points. 




Fig. 19a. 

In the case which the figure represents, d is negative, since 
the posterior focus of A is situated in front of the anterior focus 
of B; Fj and Fj are, therefore, also negative, as well as y^ 
and 3^2 ; the compound system acts as a concave lens. If d=zO 
the focal distances are infinity: incident parallel rays are again 
parallel after refraction. Such a system is called telescopic; a 
telescope focused on infinity by an emmetropic observer is an 
illustration of it. The distance d, the sign of which determines 
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the character of the compound system is often called tbe interval; 
in the cases which interest us it is nearly always positive. 

Special Cases. — ^As the focal distances are proportional to 
the indices of the first and last media, they ought to be equal 
if the first and last media are identical, which is true for nearly 
all optical instruments. In this case the distance of the anterior 
focus f r(Mn the first principal point is equal to its distance from 
the first nodal point, that is to say the first principal point coin- 
sides with the first nodal i>oint and the second principal point 
with the second nodal point. 

This is what occurs in the case of thick lenses, in which case 
we can find the nodal points by a simfde construction. Let C^ 
(fig. 20) be the center of the first surface ; Cj that of the second ; 
C2 A any radius whatever of the second surface, and Cj B a rad- 
ius of the first surface parallel to C^ A. Let us draw the straight 
line AB, which represents the course of a ray in the interior of 

the lens ; DB and AE 
indicate its direction 
outside the lens. It 
is easy to see that 
these two straight 
lines are parallel ; the 
angles s are, in fact, 
equal, since the an- 
gles r are equal. Pro- 
longing DB and AE 
they cut the axis at 
the two points K^ and 
Kg, which are the 
two nodal points. 
The point O is the 
optic center of the 
lens. It is the image 
of Kj in relation to the first surface, and that of Kg in relation 
to the second surface. 

In an infinitely thin lens, the nodal points and the principal 
points all coincide with the optic center. If the entire system 




Fig. 20. — Gonstmetion to find the nodal points 

of a thick lens. 



OFTIC PBINC1PLE8 29 

is represented by a simple refracting surface, both principal 
points coincide with the surface, and the nodal points with 
the center. 

The mirrors may be considered as dioptric systems, in which 
the last medium has an index equal to that of the first medium, 
but with the contrary sign, since the rays run in a contrary di- 
rection. The two principal points coincide with the surface, the 
nodal points with the center, and the focus is at an equal dis- 
tance between the two (since Fi=: — Fj). The compound re- 
flecting systems likewise have only one principal point and one 
nodal point, and the focus is situated at an equal distance be- 
tween them. Such, for example, is the case in the compound 
systems which give rise to the images of Purkinje in the eye. 

Example i. — To find the cardinal points of the crystalline lens. 

Suppose the crystalline lens has a thickness of 4 millimeters, 
that the radius of the anterior surface is 10 millimeters and that 
of the posterior surface 6 millimeters. Let us take 1.33 as the 
index of the aqueous humor and the vitreous body, and suppose 
that the index of the crystalline lens in relation to these liquids 
is about 1.06. 

In this case each of the systems A and B is represented by a 
single refracting surface. The focal distances of the system 
A are: 

F'l = _5l_ =_1?- =:167"«n 
«— 1 006 

F',= l!!L = ll><i:^=177«« 
«-l 0.06 

those of the system B are: 
f 

F' '1^ ^* ^ "" ^ ^ ^ X 1 06 ^|ft^nm 

«— 1 _1 1 0.06 

1.06 

w/r_nRf 1 06 =:__£_=:ioomm 

^ '--j^i^ i 0.16 

1.06 1 

The interval d is the distance of the posterior focus of the 
system A from the anterior focus of the system B ; the former 
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is situated as 177 millimeters bdiind the anterior surface, the 
latter at 106 millimeters in front of the posterior surface ; the 
thickness of the crystalline lens being 4 millimeters, we will 
have d=i77 millimeters + 106 millimeters — 4 millimeters = 
279 millimeters, and 

yr ^r'iF'« 167X177 _^^^ 

^ F"i F"f 106X100 
y%z=. T — = - 
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The anterior focus of the crystalline lens being situated at 
106 millimeters behind the anterior focus of the first surface C, 
which is at 167 millimeters, its distance as far as that surface 
will be 167 — 106=61 millimeters, and as the focal distance is 
634 millimeters, the first principal point of the crystalline lens 
will be placed at 24 millimeters behind the anterior surface. The 
second principal point will be situated at an equal distance, at 
100 — ^38 — 634= — 14 millimeters, that is to say, 14 millimeters 
in front of the posterior surface. 

Both focal distances are equal, as they must be, since the sur- 
rounding media are alike. The refracting power of the crystal- 
line lens would be with these data --i — =15.8 D. 

6t.4inoi ^ 

Example 2. — ^Let us consider the cornea as a simple refracting 
surface with a radius of 8 millimeters surrounded in front by 
air (»=i), behind by the aqueous humor (n= 1.33=1). Th* 
distance of the anterior surface of the cornea from the anterior 
surface of the crystalline lens is 3.6 millimeters. To combine 
the cornea with the crystalline lens the cardinal points of which 
we have just found. 

Here the cornea forms the system A. Its focal distances are : 

Ft '^ 

n — 1 

F'f = =- = 32nm 

n — 1 
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The principal points coincide with the surface. The focal 
distances of the system B are those found above for the crystal- 
line lens. 

The interval d is the distance of the anterior focus of the 
crystalline lens as far as the posterior focus of the cornea : clr= 
6i nun.-j-32 nun. — ^3.6 Tam.=Sgj^ With these data we find 
for the entire optic system of the eye : 

^ 24X8» 

89.4 — ^•''"^ 

_ 83.4X88-4 
89.4 

Fi= ^X ^-^=17.0— 
89.4 

89.4 

The following table gives a general idea of such an optic 
systenL By position of a point we mean the distance of that 
point behind the summit of the cornea. 

Bim/jflifM Eye. 

Index of aqueous hnmor and Titreoos body 1.33 

— the eryitalline lens 1.41 

BadioB of eormtnre of the oornea Snun 

— — — anterior surfaee of the erystalline lens. . . . lOnun 

— — — posterior aarfaee of the eryitalline lens. . . Snun 

Depth of the anterior ehamber S.Snun 

Thieknees of the erystalline lens 4in<B 

Anterior focal distance of the oornea 24in» 

Posterior focal distance of the cornea SSmm 

Focal distance of the crystalline lens S3.4»ni 

Position of the anterior principal point of the crystalline lens 6in» 

— — posterior principal point of the crystalline lens 6.2nun 

Anterior focal distance of the eye 17mm 

Posterior focal distance of the eye 22.7mm 

Position of the anterior principal point of the eye l.Smm 

— — posterior principal point of the eye 1.9mm 

— — anterior nodal point of the eye 7.3mm 

— — posterior nodal point of the eye 7.0mm 

— — anterior focus of the eye — 15.4mm 

— — posterior focus of the eye 24.6mm 
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Befraeting power of the cornea 42D. 

— — — erystalline lens 16D. 

— — — eye 59D. 

We shall see in the following chapter that the data with whidi 
we have made these calculations are not rfgporously exact; 
nevertheless, they give a very close approximation, generally 
sufficient for our purpose. Later I shall have recourse more 
than once to this system, which I call tbe simplified eye, to dis- 
tinguish it from the comfdete optic system of which we shall 
treat in the following chapter. 

Bibliography. — Complete development of the system of Oauu in the 
introduction to the physiologic optics of HelmholtB. 

Among the nomerons treatises on geometric optics, I shall cite: 

Jamin and Bouty. Caurs de phynque de VEoole Polyteehniqw, 1886. — 
Pooillet-Muller. Lehrb%u)h der Physik ynd Metearologie, 8th edition. 
Braunschweig, 1872. Of an easy study. — ^Wullner (Ad.). Lehrmmeh der 
Experimentalphynk. II. Leipzig, 1877. — Lorens (L.). Die Lehre vom 
Lieht. Leipzig, 1877. 

Among the more complete works, but of a more difficult study, we shall 
cite: 

Verdet (E.). (Euvres. Paris 1872.— Herschel (Sir J. F. W.). Light. 
London, 1845. In French by Verhulst (P. F.) and Quetelet (A.). Paris, 
1829.— Health (B. 8.). A Treatise on Geometric Optics. Cambridge, 1877. 
— Ghuriel (O. H.). Etudes d* optique giomitrigue. Paris, 1889. 

The beautiful works of E. Abbe resulted in considerable progress in 
geometric optics during the last twenty years. We will find an account of 
them in Czapski (8.), Theorie der optischen Instrwnente, Breslau, 1893, 
and, in a more easily accessible form, in the new edition of Pouillet-Muller, 
by Pfaundler (L.) and Lummer (O.), Braunschweig, 1897. 
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, , THE OPTIC SYSTEM OF THE EYE 

16. Optio Constants of the Eye. — By means of the theory of 
Gauss we can calculate the cardinal points of any optic system 
if we know the position and curvature of the surfaces and the 
index of the media. To calculate the optic system of the eye 




Fig. 21. — The optic system of the eye (left), Ci, Ca, Ct, C4, the centers of 
the four surfaces in their natural order; AB, optic axis; L, yisual line. 

we must know, therefore, as exactly as possible those numbers 
which are frequently called the optic constants of the eye. Those 
which I have given, in the examples in the preceding chapter are 
only approximate. The following table gives the constants of 
an eye, which I have measured as carefully as possible (fig. 21) : 

Optic Constants of the Eye. 

Position of the anterior surface of the cornea 

— — posterior surface of the cornea i.l6«ni 

— — anterior surface of the crystalline lens 3.64«ani 

— — posterior surface of the crjrstalline lens T.eOmm 

Badius of the anterior suf ace of the cornea 7.98mm 

— — posterior surface of the cornea 6.22mm 

— — anterior surface of the crystalline lens 10.20mm 

— — posterior surface of the crystalline lens 6.17mm 

Indezlpf' the air 1 

— — cornea 1.377 

— — aqueous humor *- accepted « 1.3365 

Total index of the crystalline lens 1.42 

Index of the vitreous body 1.3365 

33 
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The positions and radii of the surfaces as stated are according 
to measurements which I made by methods which I shall men- 
tion later. 

The only difference of any importance between them and those 
found up to the present arises from the thickness of the crystal- 
line lens which, in his schematic eye Helmhottg put down as 3.6 
millimeters, certainly too small a number to be considered an 
average. I have also added the numbers for the posterior sur- 
face of the cornea which I was the first to measure. 

As to the indices wliich cannot be measured directly on the 
living eye I have put down 1.377 for the cornea after a measure- 
ment of Matihiessen, which I also have verified. Those of the 
aqueous humor and vitreous body are very exactly known; we 
can, indeed, determine them with great exactness t^ means of 
the refractometer otf Abbe, or by other analogous methods. 

Less is known of the index of the crystalline lens than of the 
other optic constants of the eye. It must be noted in the first 
place that this body is not hom(^neous ; 
its index gradually diminishes starting 
from the center of the nucleus towards 
the periphery. The curvature of its 
layers diminishes also towards the peri- 
phery, so that each layer takes the form 
of a meniscus, the concavity of which is 
greater than the convexity. This con- 
clusion follows as well from anatomical 
researches as from optic observations Fig. 22. — Optic system 
which I made on the eye of an ox after t^o eye of an 01 

death (I). (twice enlarged.) 

There is, indeed, frequently produced, in the crystalline lens, 
after death, a differentiation between the cortical masses and 




(1) Th'i Dptlc coueUdU ot such an tje arc ■■ tollowa (B|. 22) : 

Radiun o( tbe rom«a 15 mllllmeura 

Poalttan of Ibe anterior Burtace of tAe cryBlalllne lens 6 — 

— — pcntertor surfBCe of Uis crjatalllne Icna... IT — 
RadliM at the aalerlar surface ot tlie cryatallins lens 11 — 

— — poaterior surface at the crjntslllDs lena... 8 — 

— — anterior surface of the nurleaa 8.6 — 

— — pokterlor mirfBee of the nucleus T — 
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the nucleus, probably caused by the imbition of water by the su- 
perficial parts. In consequence of this process there is produced 
on the surfaces of the nucleus quite a regular reflection, so that in- 
stead of two reflection images we see four (fig. 23), when the 
crystalline lens is exposed to the light of a flame. Now, the posi- 
tion of these images indicates that the curvature of the surfaces of 
the nucleus is considerably greater than that of the crystalline sur- 




Fig. 23. — IniBEM of Fnrkiiije of tbe eye of an ox (dead). (Flame of a 
candle.) a, image of the cornea; b, image of the anterior nrfaee 
of the eryrtaUiiie lens; e, image of the anterior aorface of the nn- 
eletu; d, image of the posterior mrfaee of the naelena; e, image of 
tlie poaterior nirface of the crystaUine lena. 



faces. Dr. Demicheri has recently described cases of alterations 
of the human cyrstalline lens in which we can also observe four 
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crystalline images, their position also indicates a greater curva- 
ture of the surfaces of the nucleus {fig. 24). 




Fig, 24. — Double CTystalline imng^a in caaea of "false lenticanuB." After 
Demicberi. 
A. Looking straight in troKt, 

a. imago of tlie cornea; b, image of the anterior iurface of the 
cryBtaJline Ions; c. image of tlie aalerior aarfaee of the nacleus; d, image 
of tKe poeturlur aurfai^c of the crystalline lens, which coincides, for tliia 
direction of the look, with tlmt of the posterior suface of nuclena. 
' B. Looking outwards. 

a, image of the cornea; b, image of tbe posterior surface of the 
crjstalUne lens; 0, image of the posterior mirface of the nucleus. 



It has long been known that, as a result of this peculiar con- 
struction of the crystalline lens, its total index, that is to say, 
the index of an imaginary lens having the same 
fonn and the same focal distance as the crystal- 
line lens, is greater, not only than the mean index 
of the crystalline layers, but even than that of 
the nucleus. 

To account for this paradoxical phenomenon, 
we may suppose the crystalline lens divided into 
two parts, the nucleus and the cortical part, sup- 
posing the index uniform in each part, but greater 
for the nucleus. On account of its great curva- 
ture and high index, the nucleus (a fig. 25) would 
then have a very considerable refracting power, 
ever, would be diminished by the influence of the cortical layers 
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which act as two concave lenses {b, b). It is clear that if the 
index of these layers were higher their influence would be 
greater, and the refracting power of the whole crystalline lens 
would consequently be weaker. 

Thomas Young placed the index of the center of the nucleus 
at 1.412^ and by calculation therefrom he deduced 1.436 for the 
total index. Later Listing gave 1455 for the total index, a 
number adopted by Helmholts, but which is decidedly too high. 
For his new schematic eye this latter author later adopted an 
index (14371) which was nearly identical with that of Young. 
More recently Matthiessen tried to determine the law after 
which the index of the crystalline lens varies from the center 
towards the periphery, and to calculate from it the total index. 
Aiccording to him the difference between the total index and 
that of the superficial layers would be double the difference be- 
tween the index of the nucleus and that of these cortical layers. 
He has found 1.437 as the total index, and the average of his 
measurements of the central index approaches very close to the 
figures of Young, — Measurements which I have taken after a 
new method, in collaboration with Dr. Stadfeldt (i), seem, how- 
ever, to show that the law of Matthiessen can be considered 
only as an approximation, and, on the other hand, the observa- 
tions of those who have operated on cataract seem, as we shall 
see later, to call for a lower total index. ASvaiting the result 
of new measurements I adopt the number 1.42. 

Thanks to the special structure of this organ the refracting 
power of the crystalline lens is some dioptrics stronger than it 
would have been if its index had been uniformly equal to that 
of the nucleus. In cwnparison with the total refraction of the 
eye the increase is not considerable; it might easily have been 
obtained by a slightly greater curvature of one of the surfaces. 
The teleologic reason for this structure is rather to be sought in 



(1) According to Uie measurements of Stadfeldt, which 1 shall mention later 
on« the mean Index of the crystalline lens would be 1.436, and the refracting 
power of the crystalline lens would be on an average IB D. (varying between 17 
D. and 24 D.). 
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the mechanism of accommodation. For, this mechanism would 
be^ as I understand it, impossible without the two peculiarities 
which characterize the structure of the crystalline lens: the 
increase of density and the increase of curvature of the layers 
according as we approach the center. — ^Another advantage of 
this structure of the crystalline lens consists in making weaker 
the images of the eye which I call harmful (nuisibles), and 
which I shall mention farther on. 

^ 17. Optio System of the Eye. — ^Applying the theory of Gauss to 
the data which we have just stated, we find the following results: 

A. — Optic System of the Cornea. 

Position of the first principal point — 0.13Am 

— — second principal point — 0.14inm 

— — first nodal point S.OSnun 

— — second nodal point 8.07mm 

— — anterior focus 24.53>)un 

— — posterior focus 32.47mm 

Anterior focal distance 24.40mm 

Posterior focal distance .> 32.61mm 

Refracting power. // ..... .-.\ . . i /S-. k .vV. »V.^V. 40MD. 

» • 

B. — Optic System of the Crystalline Lens. 

Position of the first nodal point 5.96mm 

— — second nodal point 6.14mm 

Focal distance of the crystalline lens 62.46mm 

Refracting power. //. .V. . . .S . . .' . .%■/.'. . . . r. 16.01D. 

Combining these two systems, we find the complete optic 
system of the eye. 

C. — Complete Optic System of the Eye. 

Position of the first principal point 1.54mm 

— — second principal point 1.86mm 

— — first nodal point 7.30mm 

— — second nodal point 7.62mm 

— — anterior focus — 15.59mm b t' r)/ '^"-^ 

— — posterior focus 24.75mm 

Anterior focal distance 17.13mm 

Posterior focal distance 22.89mm 

Refracting power 58.380. 
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Thanks to these data we may eliminate, so to speak, the entire 
real optic system 

of the eye. In the [• 

system which we /*, 
have just calculat- 
ed we take into 

consideration only / /[[ 

the course of the — j — h!^ | ■ '^' i f -'^' 

rays in the air be \ \]i 

fore entering the \ \| 

eye, andtheir \|| 

course in the vitre- v 

• is 

ous bodyafter i* 

. Fig. 26. — ^Position of the cardinal points 

emergence from ^^ ^^ human eye (magnified four timee). 

the crystalline hi At, prineii>al planes; Ki K% nodal points, 

lens; their course 

between the anterior surface of the cornea and the posterior 
surface of the crystalline lens remains unknown to us. 

We note that the refracting power of the cornea is 2.5 times 
greater than that of the crystalline lens. The sum of their re- 
fracting power is not far from being equal to the refracting 
power of the eye, because the nodal points of the cornea are 
quite near those of the crystalline lens (i). 

The following little table shows the refracting power of each 
of the surfaces: 

Anterior sorfaoe of the cornea 447.24 D. ^c — 

Posterior surface of the cornea — 4.73 D. 

Anterior surface of the crystalline lens -f- 6.13 D. 

Posterior surface of the crystalline lens -f- 9.53 D. 

Total. .'/. .^. .'. -1-68.17 D. 

(1) The refractlns power of the eye would he exacUr equal to the lum of the 
powers of its component sTstems, if Uie anterior principal point of the cnrstalline 
lens coincided with Uie posterior nodal point of Uie cornea, or if we consider 
the cornea as a single refractins surface, with its center. In the formula of 
paragraph 16 (page 27). 

a 

we would haTe, indeed, in this case d^^Fi'^Fi", which glTcs 

F.= ^''^"' or J-= -i+ J^ 
F"i+F'i Fi F'l F"i 
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The posterior surface of the cornea has, up to the present, 
been n^lected by authors; we see that it has a certain impor- 
tance. Its value is negative and almost as great as that of the 
anterior surface of the crystalline lens. We shall see that it 
seems to play a part in certain forms of astigmatism. 

Nevertheless, we commit only a very small error by neglecting 
it, that is to say, by supposing that the substance of the cornea 
does not exist; the anterior surface simply separating the air 
from the aqueous humor. By eliminating the negative influence 
of the posterior surface, the total refraction of the cornea 
should increase, but the power of the anterior surface diminishes 
nearly as much, since we replace the index of the cornea by 
the weaker index of the aqueous humor. In our case we would, 
by thus simplifying the matter, have found a refracting power 
of the cornea equal to 42.16 D. instead of 40.98 D., that is 10 
say, we would have committed an error of 1.18 D. or about 1/50 
of the total power of the eye. 

The right eye, the optic system of which I have calculated (in 
the horizontal meridian), is the only one of which up to the 
present time we possess complete measurements. It is impor- 
tant to note that it is not to be considered as an average. The 
radius of the cornea is two or three-tenths of a millimeter above 
the average, and the length of the axis of the supposed em- 
metropic eye, which we have found equal to 24.75 mni., is prob- 
ably also a little above the average. This eye is, therefore, to 
be considered relatively large, the more so as the person to 
whom it belongs is pretty tall in stature. A light degfree of 
astigmatism with the rule would also act in the same way. I 
have measured some other eyes, but not a sufficient number to 
be able to establish an average. 

The figures which I have just given apply only to the eye of 
the adult. The eye of the new-bom child is much smaller (the 
axis measures about 17 mm. instead of 24 mm.), so that we 
might expect to see the curvature of all the surfaces increased 
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in the same proportion. This is not so: according to the con- 
cordant measurements of Axenfeldt and Holth the cornea of 
the new-bom child differs but little from the adult cornea. This 
latter varies as we shall see between quite wide limits (40 to 47 
dioptries) and the values which we find in the new-bom child 
are near the higher limit. 

Compensation for the diminution of the axis is made by the 
crystalline lens. According to the measurements of Stadfeldt 
the crystalline lens of the new-bom child is as thick as that of 
the adult, but the diameter is 6 mm. instead of 8 or 9 mm., 
whence it follows that the curvature of the surfaces is very 
great. Following are some figures according to Stadfeldt: 

Radius Badius 

Ant, surface. Tost, surf ace. Thickness. Diameter, 

Adnlt 11mm Qmm 3.6mm 

New-bom 4.5ittn» 4mm 3.9™™ Qmm 

Supposing that the index is the same as in the adult, the 
crystalline lens of the new-bom child would, therefore, be 
nearly twice more refracting, and the crystalline refraction in 
the latter would not be very far from being equal to the corneal 
refraction. 

18. Apertnre of the System. — The theory of Gauss supposes 
that the aperture of the system is very small, which is by no 
means the case in the eye, and many errors committed in ques- 
tions of ocular refraction seem to me due to the fact that we do 
not sufficiently take into account the large aperture of the sys- 
tem. In optic instruments an aperture over ten or twelve de- 
grees is scarcely accepted. Supposing that the pupil has a 
diameter of 4 millimeters, the aperture of the cornea would be 
20 degrees; and a pupillary diameter of 4 millimeters is rather 
insufficient, for it must not be forgoten that we generally ex- 
amine our patients with a very strong light. In the ordinary 
circumstances of life, the pupillary diameter is most frequently 
greater (5 or 6 millimeters), whence results a series of errors 
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which would be still greater but for the special precautions 
taken to neutralize them in part. 

We must bear in mind that the pupil is seen neither in its real 
position nor at its true size: it appears moved forward and en- 
larged on account of the refraction through the cornea. It is 
easy to determine its apparent place and size. In our general 
formula, ^ 4.21 = i, we must put the values of the cornea 
of the simplified eye, Fj=24, F2=32, and the distance of the 
anterior surface of the crystalline lens and of the pupil from 
the anterior surface of the cornea, /2=3.6, and we find /^^ 
— 3.04. And if the real size is 4 millimeters, we put in the 
formula -1-=— the values 

O A 

0=4nimy Ft=32mm, [i=:3.6n"n — 32mm :== — 28.4inni; 

therefore 



r^ 4X82 _ 
28.4 



4.6"*"*« 



The pupil appears, therefore, moved forward about 0.5 mm. 
and enlarged by the same quantity. The iris appears at the 
same time swelled in front. 

What we see is, therefore, a virtual image of the iris and of 
the pupil. We call these images apparent iris and apparent pupil. 
They are aerial images. Rays which, in the air, are directed 
towards a point of the apparent pupil are, after refraction by 
the cornea, directed towards the corresponding point of the 
real pupil. 

If we imagine the iris and pupil seen, through the crystalline 
lens, by an eye located in the vitreous body, the pupil would no 
longer appear in its place, but the displacement would be less; 
it would be seen nearly o.i mm. farther back than it is in 
reality, and enlarged 0.2 mm. Rays coming from a point of the 
real pupil would proceed in the vitreous body as if they came 
from the corresponding point of the crystalline image. 

If we had constructed the corneal image and the crystalline 
image of a point of the pupil, we would then know that a ray 
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directed towards the former would pass, after refraction by 
the cornea, through the same point, and, after refraction by 
the crystalline lens, through the crystalline image of the point. 
The apparent pupil belongs therefore to the incident rays as 
does the first principal point or the first nodal point, and the 
crystalline image of the pupil belong to the emergent rays. 

The luminous cone which enters the eye is limited by the 
apparent pupil; in» its course between the cornea and the crys- 
talline lens, it is limited by the real pupil, and, in the vitreous 
body, by the crystalline image of the pupil. There are analogous 
phenomena in most optical instruments, wherever a diaphragm 
is between two lenses; Professor Abbe has proposed the names 
of pupU of entrance and pupH of exit for the images of the 
diaphragm. 

We have seen that the principal planes are each the image of 
the other, and that they have this characteristic that the object 
and image are of the same size. 

In the formula Jl 4, H. = i, the distances marked i are 

calculated to start from the first principal point, those marked 2 
to start from tht second principal point. But in this 




Fig. 27.— iki, pupil of entrance; hh, pupil of exit; O, object; I, image; 

^, anterior focus; 4i, posterior focus. 

formula we can as well calculate the distances from any other 
pair of points, one of which is the image of the other. We 
might measure, for example, from the pupil of entrance and 
pupil of exit. We would thus have in figure 27 the relation 
?!l ^ *!? = I and we could find the image of an object by con- 
structions analogous to those in which we have used the prin- 
cipal i^anes. The only difference is this: if an incident ray 
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meets the first prindpal plane at a distance from the axis equal 
to y, the emergent ray also cuts the second principal plane at 
a distance from the axis equal to j. But if the incident ray 
meets the pupil of entrance at a distance from the axis equal 
to y, the emergent ray cuts the frfane of the pupil of exit at a 
distance from the axis whidi is to y in the same rdation as 
the diameter of the pupil of exh is to that of the pupil of en- 
trance. In our case it would be the rdation of ^. This mode 
of procedure is often more convenient than the classic method, 
more especially because it is easy by this construction to cal- 
culate the diameter of the luminous cone. 

19. Point of Kxatiom. Visual lint. — ^To distinguish an object 
clearly it is necessary to fix it, Aat is to say, to place the eye 
in such a way that its image is formed on the fovea. The point 
fixed and the fovea are therefore conjugate foci. But we would 
be greatly deceived if we thought that the entire fovea corre- 
sponded with the point of fixation. The anatomical fovea has 
an extent of 0.2 mm. to 04 mm. (Henle) or of 0.75® to 1.50®, 
seen from the posterior nodal point (at 16 millimeters from the 
retina). Looking at the sky the fovea would cover, therefore, 
a part having two or three times the diameter of the moon, 
which corresponds to a half d^ee. The point of fixation is 
much smaller in dimension, for we can readily tell whether we 
fix the right border or the left border of the moon. Generally 
when two points closely approach each other we can still tell 
which one is fixed as long as we can see that there are two. It 
was Javal who specially insisted on this fact, to which he attri- 
buted great importance for the theory of binocular vision. 

We designate as the tnsuaU line the ray which goes from the 
point fixed to the first nodal point, and which, consequently, 
after refraction, reaches the fovea as if it came from the second 
nodal point. If, in the aphakic eye, we neglect the posterior 
surface of the cornea, the visual line passes through the center 
of curvature of the anterior surface; it is, therefore, perpen- 
dicular to that surface. In a normal eye it is never far from 
being so, since the nodal points are very near the center of 
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curvature of the anterior surface of the cornea. The direction 
of the visual line does not depend on the position of the pupiL 
In cases of pupillary disidacement it may happen that the ray 
which represents the visual line does not enter the eye. We 
shall see later (page 78) how we may determine experimentally 
the direction of the visual line in the eye. 

20. Optic Axis. Angle. ^ — ^An exact centering would demand 
that the four centers of curvature, or the three, if we neglect 
the posterior surface of the cornea, would be on the same 
straight line. The centering of the eye is never exact, but the 
deviations that we can establish are often small. In some cases 
I have, howe\'er, found defects of centering relatively large in 
eyes, too, which functionally should be considered normal. The 
defect which I have most frequently met consists in this, that 
the center of curvature of the cornea is situated (as much as 
a quarter of a millimeter) below the axis of the crystalline lens. 
— Neglecting these deviations the optic system of the eye may 
be considered as centered around a straight line which is called 
the optic axis of the eye. The fovea not being placed on this 
line, it does not coincide with the visual line; it is directed 
outward and downward from the visual line and forms with it 
an angle of 5® to 7°, called the angle « (fig. 21). — ^We shall see 
later that the anterior surface of the cornea is not spherical ; it 
is flattened towards the periphery so that it may be compared 
to an ellipsoid of revolution around the long axis. Certain 
authors designate as the angle a the angle which the line of 
vision forms with that axis which passes through the most 
curved part of the cornea (the sununit). Generally the axis of 
the cornea very nearly coincides with the optic axis of the eye, 
so that both definitions amount to the same thing. But we shall 
see that the comparison of the form of the cornea to that of an 
ellipsoid is very defective. Hence it may be better to retain the 
old definition. 

We can compare the optic system of the eye with that of an 
opera glass. If the optician, by a defect of workmanship, had 
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placed one of the lenses a little obliquely, or if he had placed 
the middle of this lens a litte outside the axis of the instrument, 
this defect would correspond with a defect in the centering of 
the eye. — If, on the contrary, the observer looked a little 
obliquely through the glass, the visual line would form with the 
axis of the glass an angle which would correspond with the 
angle «. 

21. TTsefnl Image. — ^The optic system of the eye forms a di- 
optric image, real, inverted and diminished, which is projected 
on the retina as the photographic image is formed on the screen 
of the dark chamber. The comparison between the eye and 
the dark chamber dates from the invention of this instrument 
(Porta, Leonardo da Vinci). But although we had from that 
time all the elements necessary to understand the construction 
of the eye, there continued, however, to prevail much confusion 
on this question, more especially because people could not be 
brought to admit that the image which serves for vision was 
mverted. It was Kepler ( 1604) who first explained the forma- 
tion of images in general and was led to suppose the existence 
of an inverted image on the retina, an image which was later 
demonstrated by Scheiner on an eye from which he had removed 
a part of the sclera and of the choroid. — But, besides this image 
which I designate as the useful imagfe, because it serves for 
vision, there is formed in the eye a series of other images which 
I have designated as false images of the eye, and which will 
form the subject of the following chapter: 
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CHAPTER III. 

FALSE IMAGES OF THE EYE 

22. Oeneral Bemarks. — If we place a flame at some distance 
from a lens, we notice on the same side with the light two re- 
flected images of the flame, one for each surface. Placing the 
eye on the other side of the lens at some distance, we see the 
dioptric image, which is real, and, besides, a small, indistinct 
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Fig. 28. — Reflections and refractions by a lens. 

image due to a double reflection in the interior of the lens, a 
first reflection produced by the posterior surface, and a second 
by the anterior surface (fig. 28). The rays which form this 
latter image undergo, besides, a refraction by each surface of 
the lens. The small image is real; we can, indeed, receive it 
on a screen held near the lens. 

The incident light is thus divided into three portions: useful 
light which forms the dioptric image of which we generally 
make use, the light lost by reflection on the surfaces, and lastly, 
the light reflected twice, which I call harmful (nuisible). This 

47 
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harmful light may, indeed, enter the eye which is observing the 
useful image, where it is often a cause of annoyance, because it 
does not contribute to the foimation of that image. A simple 
lens loses about 8 per cent, by reflection, and the harmful light 
represents only 1/500 of the incident light. In complicated 
instruments much more of the light is lost. In the c^hthal- 
mCTneter of Javal and Schioetz, the loss is about 33 per cent. 

In the human eye we may also distinguish between the useful 
light which passes through the surfaces, the light lost by reflec- 
tion, and the harmful light, which, having suffered two reflec- 
tions, returns again towards the retina. But the eye has this 
peculiarity that, of all optic instruments, it is that which loses 
least light (about 2 per cent). The harmful light is also re- 
duced to a minimum, but feeble as it is, it is visible nevertheless. 

The useful light forms the dioptric image which serves the 
purpose of vision; the lost light forms four false images of the 
iirst order, called images of Purkinje, one for each surface; 
they correspond to rays I, II, III and IV, fig. 29. The harmful 




Vig. 29. — Manner In nhleh a luminoua rar u divided in tbe ere. 
A, incident ray. — I, II, III, IV, lost rays coneapanding to the four 
images of Purkinje; V and VI, harmfnl raya correaponding to the fifth 
and Biith imafre; VII, luofnl ray. 

light forms a series of false images of the second order, of 
which one only is visible (rays V and VI, fig. 29). 

23. The Inuige of Pnrkiiije. — These images were described at 
the begimiing of this century by the scientist whose name they 
bear, but one of them, the second, was lost sight of until I 
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described it again some years ago. (i) The first of these 
images, that due to the anterior surface of the cornea, is pro- 
duced by a single reflection, the others are formed by rays, 
which, after having suffered one or several refractions, are at 
first reflected, then undergo still other refractions before emerg- 
ing from the eye. The optic systems which produce these images 
are, therefore, quite complicated, but we can always replace them 
by a single reflecting surface, which I call the apparent surface. 

Suppose, for example, that we wish to study the third image 
of Purkinje, that produced by reflection at the anterior surface 
of the crystalline lens. Neglecting the weak refraction by the 
posterior surface of the cornea, the rays suffer, besides reflec- 
tion, two refractions, one on entering and the other on emerging 









Fig. 80. — ^Position of the seven images in the eye. The object is supposed 
to be situated at 20 degrees below the visual line. 



from the eye. Now, we can replace this series of refractions 
and reflections by a simple reflection on the apparent surface. 
We find the position of this surface by finding the position of 
the image of the real surface, seen through the cornea, in the 
same manner as we have already found the position of the ap- 



(1) See BH9, however. Oftahnometriska Studler. Uppsale, 1880, p. 03. 
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parent pupil, by means of the formula i± 4-1?.= i; with the 

values of the simplified eye we have Fj=24 mm., ¥^=32 mm., 
/2=3.6 mm., which gives the position of the apparent surface, 
/i= — ^3 mm. We then find the position of the center of the 
apparent surface by finding in the same manner the image of the 
center of the real surface seen through the cornea (/j=i3.5, 
which pves /2=: — ^7*5) • The apparent surface being at 3 mm. 
and its center at 17.5 mm., it must perform the function of a 
convex mirror of 14.5 mm. radius, placed three millimeters be- 
hind the cornea. The focus is at an equal distance between the 
surface and the center, that is to say at 10.2 mm. behind the 
cornea; it is therefore very nearly at this place that the third 
image of Purkinje is formed. We can also use the apparent 
surface to calculate the size of the image, following the formula 
p-=-^(see page 6). 

To make the same calculation for the posterior surface of the 
crystalline lens, we must first calculate the refracting system 
composed of the cornea and of the anterior surface of the crys- 
talline lens, and then the images of the posterior surface and of 
its center, seen through this system. — With the exception of the 
anterior surface of the crystalline lens, the apparent surfaces 
differ only slightly from the real surfaces. 

The three first surfaces being convex their images are erect, 
while that of the fourth is inverted. — The object being generally 
at quite a distance, the images are formed very near the catoptric 
foci of the apparent surfaces. The first, second and fourth are 
nearly in the pupillary plane, while the third is situated at 7 or 
8 mm. behind this plane (fig. 30). — Besides, the third image 
easily disappears behind the iris when the eye makes a slight 
movement, which makes this image more difficult to observe 
than the others. 

24. Manner of Observing the Images of Pnrkinje. — ^The first 
image, that of the anterior surface of the cornea, is much the 
brightest; its observation offers no difficulty. 
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To observe the second image we place ourselves as when we 
wish to examine a patient by oblique illumination, and we ex- 
amine the eye with a magnifying glass, a lens of lo D. for 
example, but without concentrating the light on the eye. 

Examining the corneal image of the flame, we shall see when 
it approaches the border of the pupil, and still better, when it 
shall have passed it, that it is accompanied by a small image 
which is situated near it. The more the images approach the 
edge, the more distant they are from each other; near the edge 
the distance may exceed a millimeter, and the small one is fre- 
quently still visible when the large one has already disappeared, 
giving way to the irregular reflex of the sclera. 

The small image is always situated between the large image 
and the middle of the pupil, which indicates that the posterior 
surface is more cur\'ed than the anterior surface. Suppose, 
indeed, that we used two lamps, one on each side, and consider 
the distance separating the two lamps as the object (fig. 31). 



to 

■ Sg, 31.- 




Fig, 31. — Corneal images of two lamps, obaerred «ith the opbthlklmopbalio- 
e Email images bcaiile the large ones are due to refieetioD 
by the posterior surface of the cornea. 

It is then clear that the image of the posterior surface is smaller 
than that of the anterior surface, which indicates that its curva- 
ture is greater. At the middle of the pupil the small image is 
not visible, because it coincides with the large one ; they are. 



52 PHT8I0L00IC OPTICS 

indeed^ situated at the same distance from the summit of the 
cornea. 

The third image, the largest, always preserves, whatever we 
may do, a more or less diflfuse appearance, due to the fact that 
the index varies in the supe^rficial layers of the crystalline lens. 
To observe it we place ourselves as before, requesting the person 
whose eye is being examined to look in a direction which nearly 
bisects the angular distance between the eye of the observer 
and the flame. By moving his eye slightly from side to side the 
observer will quite easily see the image which presents itself 
as a broad glow, pale and more or less diffuse, and which 
changes position at the least movement of the observed eye. 

After having found the image, we can concentrate the light on 
the eye; by this means we magnify the image, which soon fills 
the entire pupil. If the ligjht is bright the pupil frequently ap- 
pears white, as if the eye was affected by a ripe cataract, and we 
may, by examining it with the magnifying glass, thus observe 
anatomical details which we cannot discover in any other way. 
I recommend to clinicians this examination, of which I have 
nowhere found a description. ( i ) To make the experiment un- 
der the best conditions we must select a lens of large aperture, 
place the luminous source at quite a distance and hold the lens 
in such a way that its focus coincides with the catoptric focus 
of the surface. 

The third image is, as we shall see, of great importance for 
the study of accommodation. 

The fourth image does not generally offer any difficulties to 
the observer. — ^It is observed under the same conditions as the 
preceding one, by directing the look of the observed person a 



(1) Rings of Djcmichebi. — Demlcheri has recently (Bulletin of the Society of 
Ophthalmology of Paris) described phenomena of coloraUon which are observed 
by Uiis method in the pupil in certain affections of the crjstalline lens. The 
middle of the pupil appeared blackish blue; it was surrounded by a green zone, 
then by a yellow zone, and lastly by a red sone, near the pupillary border. The 
case under consideration was one of more or less mature cataract. In a case 
which I hare examined, and in which, moreorer, the crystalline lens appeared 
Intact, the pupil was filled by this ezaminaUon with an intense red, so that one 
would hare thought it filled with blood. — ^These colors are probably phenomena 
of interference due to the refiectlon on the finely reeded surface of the crystalline 
mass, nearly like the colors which mother-of-pearl presents, but the conditions 
under which they are produced are sUll unknown. 
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little towards the lamp. It is small and distinct. Being inverted 
it moves in a direction contrary to that of the others. 

For a more minute examination of these images my ophthal- 
mophakometer may be used (fig. 32). It is composed of a small 
telescope, supported <»i a stand, and of a copper arc movaUe 
around the axis of the telescope, and bearing a scale, the zero 
of which coincides with this axis. The radius of the arc is 86 
centimeters. The head of the observed person is fixed by a 
head-rest in such a manner that the eye which we are to examine 




Fig. 82— Tlia OphthalmophikDmelcr. 



is at the center of the arc. — On the arc move several cursors, 
which carry electric lanq>s. Each lamp is enclosed in a tube 
closed in front by a plano-convex lens, which concentrates the 
light on the observed eye. — I will speak later of the manner of 
usii^ the instrument for measuring the internal surfaces of the 
eye. 
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25. Fdse bnagei of fhe Second Order. — ^All the reflected rays 
which emerge from the eye to form the images of Pur kin je, 
with the exception of those of the first image^ meet surfaces 
which again reflect a part of the light; this light is extremely 
feeble for most of the surfaces; it is only on meeting the an- 
terior surface of the cornea that there is reflected sufficient light 
to be visible. Thus there are formed two more images^ the 
fifth, produced by a first reflection on the anterior surface of 
the crystalline lens, and a second reflection on the anterior sur- 
face of the cornea, and the sixth, due to a first reflection on the 
posterior surface of the crystalline lens and a second reflection 
on the anterior surface of the cornea. — ^As the rays return to- 
wards the retina, these images are subjective. 

The optic systems which produce these images are very com- 
plicated. They are calculated, too, by the formulae which we 
have explained on page 26. The focus of the fifth image is 
near the posterior surface of the crystalline lens. It is, there- 
fore, at this place that this imagie of a distant object is formed. 
Before reaching the retina the rays are so dispersed that they 
are no longer visible ; I, at least, have not been able to discover 
the least trace of this image. Theoretically we ought to be able 
to make it visible by bringing the object nearer, since the image 
and object move in the same direction as in all the refracting 
systems, but the experiment did not succeed. In fact, when the 
flame with which we are working is moved near enough to the 
eye, the useful image becomes transformed into a diffusion 
circle, which fills the greater part of the field and prevents one's 
seeing anything else. 

The focus of the sixth system is, on the contrary, very near 
the retina of the emmetropic eye; the image is also generally 
easy to observe. 

26. Manner of Observing the Sixth Image. — ^We choose, in a 
half-darkened room, a point of fixation situated some distance 
away, and, having fixed this point, we give to the candle, held 
in hand, a to-and-f ro horizontal motion, moving it towards and 
away from the visual line without, however, reaching it. 
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We, then, notice on the other side of the visual line a pale 
image of the flame. Some people see the phenomenon sufficiently 
distinct to be able to discerii that the image appears inverted, 
the retinal image being erect. We discern more clearly the form 
of the image when we cause the candle to pass bdow the visual 
line; the image then passes above, and we see that its apex is 
directed downwards. Myopes see the image with greater diffi- 
culty; they often succeed better when using their correcting 
glasses, but they must then guard against confounding it with 
the images produced by repeated reflections between the cornea 
and the glasses. 

It seems that there are persons who cannot perform the ex- 
periment successfully. If the anterior chamber is unusually 
deep it may, indeed, happen that the focus of the system is 
quite a distance from the retina, but we ought then to be able 
to succeed by moving the flame towards the eye or away from it* 

We see, therefore, how very advisable it is that the harmful 
light be reduced to a minimum; in fact, if the index of the 
superficial crystalline layers had been higher, the sixth image 
would have had more brilliancy, and we would be affected with 
an annoying monocular diidopia. And right here we must pause 
to wonder at the enormous sensitiveness of the retina, for the 
brightness of the sixth image is really only V^ of that of the 
useful image. 

One can study the sixth image more closely, by means of the 
opthalmophakometer, by placing oneself in the place of the per- 
son examined, and by fixing the middle of the objective of the 
telescope, which correspojnds to the zero of the division. 

Placing the arc horizontally, and putting the lamp A which 
slides on the arc at some distance from the telescope, we see 
the image appear on the other side. We bring one of the 
cursors of the arc to coincide with the image, so that we may 
read its position on the scale. We, then, notice that the image 
is only approximately s)mimetrical with the lamp, in relation 
to the visual line. By causing the arc to rotate i8o^ in such a 
way as to bring the lamp into a position symmetrical with the 
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former^ we notice that the image no longer coincides with the 
cursor. This is on account of the angle <». If the visual line 
coincided with the optic axis, the two positions of the image 
corresponding to two positions symmetrical with the lamp, ought 
to be S3rmmetrical. We can use measurements of this kind to 
determine the size of the angle o. 

It was while using the opthalmophakometer that I found this 
image, which I described as new in 1891. But Coccius had seen 
it previously, and Otto Becker had given the explanation of it in 
i860 in a memoir which is very little known. Heuse described 
it again in 1872, but gave an erroneous explanation of it 

The images of Purkinje have no interest as far as the function 
of the eye is concerned, but they are of great importance for 
the physiology of vision. It is, indeed, by a study of them that 
we can determine the form and position of the refracting sur- 
faces of the eye. The study of these images constitute opthal- 
mometry, to which we will devote our attention in the following 
chapter. 
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CHAPTER IV. 

OPHTHALMOMETRY 

27. Prinoiples of Ophthalmometry. — The basis of ophthahnom- 
etry is the formula -2. =JL = -?^ or R = — (see page 6). 

J IFR O*^**' 

To determine the radius R of the small convex mirror which 
forms the anterior surface of the cornea, we measure the image 
I of an object O^ placed at a given distance /. There is never 
any difficulty measuring either the object or the distance; it is, 
therefore, to the measurement of the image that we must devote 
our attention. 

We may say at once that we generally use as objects the dis- 
tances separating two flames or two white objects (mires). 
The image, then, is the distance separating the images of the 
flames or of the mires. 

The method most used by physicists for such measurements 
consists in placing a micrometer at the focus of the objective of 
the telescope with which the image is observed. The objective 
forms an image which coincides with the micrometer, the gradu- 
ations of which permit the size of the image to be read directly 
by obser\'ing it through the eye piece. It has been attempted 
to use this method for ophthalmometry, but without success. 
As the observed eye cannot be kept absolutely quiet, the image 
is constantly changing its place in relation to the micrometer, 
which makes a fairly exact measurement impossible. 

This is why Helmholiz introduced into ojAthalmometry an- 
other principle which he borrowed from astronomy, where the 
same problem presents itself, that of doubling (didoublement). 
It seems, however, that the method had already been used for 
the same purpose by Thomas Young. 

Suppose that we desire to measure the distance I separating 

the two points a and b (fig. 33, i), and that we have a process 

which permits us to see everything doubled at a certain distance 

57 
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D. By this means instead of the two points a and b we would 
see four, a^ and a,, b^ and b^, and the distance a^ a, would be 
equal to frj 6, ^^^ ^ ^' while the distance a^ &i=a2 &2=I 

(fig. 33, «)• 
Suppose, now, we could make the doubling vary. By increas- 

I ing it we would reach a point 

^^''" ""*• when Oj and b^ would coin- 

^ cide (fig. 23,3) which would 

1 take place at the moment 

^ if.'I ^ IJ 1^ when I would be equal to D. 

^ If we knew the amount of 

doubling used we would thus 

^ ^^^ .-'''^ C ^v^ measured I=a b, and 

••** our object would be attained. 

•' When a and b touch we say 

^ that we have obtained con- 

/or/. If we use as objects 
^ separated flames so that a 

Fig. 33. and b form two luminous 

points we obtain more exact measurements by giving one of 
them the form of two points situated on the same vertical (fig. 
33,4) ; at the moment of contact the image of b is placed ex- 
actly between the two points a. Instead of making the doubling 
vary, we can make I vary, which is brought about by varying the 
object (displacing one of the lamps) until contact is obtained. 

Generally it is useful to employ a certain degree of magnifi- 
cation in order to have easy measurements, and this suggests 
the use of a telescope placed at some distance from the eye; 
instruments with short focus, more or less resembling micro- 
scopes, are not practical because it is impossible to keep them 
in focus, the observed eye not being able to remain sufficiently 
quiet. 

Thus, we would only have to affix our doubling apparatus to 
our telescope and place conveniently two flames or two white 
surfaces which would serve us as objects, and we would be 
ready to begin our measurements. 
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28. Methods of Doubling (Dedonblement) . — a) A first method 
consists in dividing the luminous cone which meets the objective, 
into two halves, an upper and a lower, and displacing each half 
laterally, one to the right, the other to the left. We can obtain 
this effect: 

i*^. By placing before the upper half (i) of the objective a 
weak prism, apex to the right, and before the lower half an- 
other, apex to the left. 

2^. Instead of prisms we can use plane parallel plates, placed 
obliquely but in a symmetrical manner in relation to the axis 
of the telescope. Such plates placed obliquely (see page 12) 
have the effect of displacing the object laterally, each on its 
own side; the effect is, therefore, the same as that of prisms, 
and the plates give better images. — ^This is the system employed 
by Helmholtz, who made the doubling vary by changing the 
inclination of the plates, and later by Leroy and Dubois, who 
used a constant doubling by making the object vary. 

3*^. We can saw the objective in two and displace the upper 
half a little to the left, the lower half a little to the right (fig. 

34). It is easy to see that this method must pro- 
X^ ^\ duce a doubUng of the image, since the optic center 
L 1 1 of the objective is, so to speak, divided into two 

V J halves, displaced laterally in relation ta each other. 

^- This method gives very good images and less light 

^^' ' is lost, since we obviate the reflection on the sur- 
faces of the prisms or plates, but the instrument is very difficult 
to construct ; the displacement of the two halves of the objective, 
in relation to each other, must be made, indeed, with an exact- 
ness that is expressed in hundredths of a millimeter. 

None of these methods is very practical, because all of them 
call for a very exact adjustment of the instrument to find the 
meridians of the astigmatic eye (see ch. IX). — If the eye is dis- 
placed a little during the measurement, we may find false di- 

(1) I am supposing here and in what follows Uiat it is the horizontal meridian 
we are measuring. 




eO PHTSIOLOOIC OPTICS 

rections for these meridians. Helmholts remedied this incon- 
venience by [dacing himself very far (at i or 2 meters) from 
the patient, which calls for a room prepared for this purpose 
and makes measurement pretty difficult. 

b) A second method consists in dividing the objective into 
two lateral halves, and displacing laterally each half of the 
incident luminous cone. Such an arrangement can be obtained : 

I®. By placing in front of the objective a double prism with 
apex vertical ; 

2^. By placing before each half of the objective a plate with 
plane, parallel surfaces^ forming an angle with the axis of the 
telescope (fig. 35). 

These are the plates of Helmholtz which are 
placed side by side instead of being placed one 
above the other. 

3°. We can obtain the same effect by removing ^* ^^* 
a vertical band from the middle of the objective and cementing 
together the remaining parts (fig. 36). 

Systems of this order offer no difficulty in finding the merid- 
ians, but they have another inconvenience : contact depends much 
on the exactness of the adjustment. 
If, after having obtained contact the 
observed eye is displaced a little, so 
that the instrument is no longer ex- 
actly in focus, contact ceases. We 
may thus obtain totally false measure- -pig. 36. 

ments of astigmatism if the observed 
eye is displaced between the two measurements. 

This inconvenience is partly got rid of in the model of the 
Javal and Schioetz ophthalmometer which the optician Kagenaar, 
of Utrecht, constructed. It uses a combination of the methods 
b, I and b, 2, a combination of two very weak prisms forming 
an angle between them ; the apex of the prisms is inwards. 

c) The best method, however, is to emloy doubly-refracting 
crystals. Coccius had recourse to a place of spar; J ami and 
Schioetz used a Wollaston prism. This prism (fig. 37) is com- 
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posed of two rectangular quartz prisms, which are cemented 
tt^^her so as to form a single very thick, plane parallel plate. 
The two prisms are 
cut differently in the 
crystal; one has the 
apex parallel to the 
axis of the crystal, 
the other perpendic- 
ular to it. ^ch ray 
which passes through 
the prism is divided 
into two, and each of 
the two new rays is 
deviated a little so that they are nearly symmetrical in re- 
lation to the incident ray. (i) — By all other systems which I 
have mentioned the incident cone is divided into two half 
cones, which are a little displaced in relation to each other; the 
prism of H^oUaston on the contrary produces two entire cones 
of half the intensity. 
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Fig. 37.— Prigm of TToUailoft. 



The instrument of Helmholtg must be considered as an in- 
strument for the laboratory. Investigators, like Danders and 
Mautlmer, used it for measuring the eyes of some patients, but 
its use was so difficult that Mauthner exclaimed: "Ophthal- 
mometry must be understood as ophthalmoscopy, c»ily it is much 
more difficult." Besides it necessitates a dark room, and the 
complete measurement of the cornea calls for not less than 32 
measurements. It is only by the labors of Joval and Schioets 
that ophthalmometry has become a clinical method. 

29. The Ophthalmometer of Taval tad Sohioett. — The instru- 
ment (fig. 38) is composed of a telescope which carries a copper 
arc movable around the axis of the telescope, and with a head- 
rest on which the head of the patient is supported; when the 



(1) [A detiiled tbaoir ol thla prUm, tocMhar with ■ ulcuUtlon of the anslM. 
can be louDd Id Ui« Thiorit Oa VopMalmomitrit d» la OOntit bj Dr. Tuhernlns 
In Javal'i Mtmoiret <l'l>phtiiImoinrflr4«, Farli 1B91.1— tf. 
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tdescope is adjusted to the level of the eye of the observed 
person, the latter is at the center of the arc. — Two white mires 




Fig. 3S. — Opbtbalinometer of Javal and Schioeta. 



slide along the arc, and it is the distance separating them which 
serves as the object. By moving one of the mires on the arc, 
the size of the object is made to vary until it corresponds with 
the doubling of the prism which is constant. — The telescope has 
two achromatic objectives between which is the WoUaston 
prism, placed so as to double in a direction exactly parallel to 
the plane of the arc. It is, besides, provided with a Ramsden 
eye piece with a spider's thread. Each observer must begin by 
focusing the ocular on the thread; then the instrument is ad- 
justed for the level of the observed eye by displacing it forwards 
or backwards. We then sec the images of the two mires doubled 
(fig- 39). and by displacing the mire on the right, contact is 
obtained. This done we can read the distance of each mire in 
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degrees from the axis of the telescope on the scale of the arc^ 
and the sum of the two figures indicates the corneal refraction. 
I have supposed the cornea in question spherical^ otherwise we 
would have to begin by finding the principal meridians; but I 
shall reserve the description of the measurement of the astig- 
matic eye for the chapter on astigmatism. 

Generally the 
patient must look 
into the telescope; 
it is only when we 
wish to measure 
the peripheral parts 
of the cornea also 
that we make him 
look in other di- 
rections. 

The graduation 
of the arc is in de- 
grees, but the 
doubling is so 
chosen that each 
degree corresponds 
with one dioptry. 
This calls for an explanation. 

Javal and Schioetz have taken as the index of the aqueous 
humor 1.3375 (i); the refracting power of the cornea ex- 
pressed in dioptries would be, therefore (see page 16) ; 




Fig. 39. 



D=. 



« — 1 0.8876 



F] 



or, expressing R in millimeters. 



D^Zi.ndR=^Zi 



(1) This value of n, rery nearly correct was selected In order Uiat in V^^ 
following table, 46 D. would correspond exactly to 7.6 mm., which is conrenient 
in order to regulate the inetrument by a sphere type of 7.6 mm. 
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With this formula we calculate the following table, which 
gives the relation between the refracting power of the cornea, 
expressed in dioptrics^ and the radius expressed in millimeters : 

Befraetion. Badins. Befraction. Badins. Dioptries. Badios. 

60 D. 6.75nmi 45 D. 7^mm 40 D. 8.44mm 

49 D. 6.89mm 44 D. 7.67mm 39 D. 8.65mm 

48 D. 7.03mm 43 D. 7.85mm 38 D. 8.89mm 

47 D. 7.18mm 42 D. 8.04mm 

46 D. 7.34mm 41 D. 8.23mm 

Placing the value which we have just found for R in the 
formula 

2/ 

1 "" R 

we find 

8a7.6 

in which formula I designates the image which, at the moment 
of contact, is equal to the doubling. Let us designate by a the 
linear length of a degree; if this length must correspond to one 
dioptry, the object which corresponds with the image I niust 
have the size Da, therefore 

837.5 

or 

887.6 

On the other hand as a must be one degree long, we have 



860® "" 2,t/ 
therefore 

860 8875 

and 

1= hJ^LL- 2.94mm 

360 
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In order that a degree of the arc may correspond with one 
dioptry, the doubling of the prism must be, therefore, 2.94 mm. 
This is what has been done. 

The radius of the arc (/) has been selected so that the linear 
length of a degree may be 6 millimeters (5 millimeters in the 
new model). 

In the last models of the instrument certain details have been 
changed, but the principle remains the same. — ^We may add, 
furthermore, that, in order to measure the As^ one of the mires 
has a special form ''in steps/' each of which corresponds to one 
dioptry. — ^A keratoscopic disc enables us to study the general 
form of the cornea. 

Utilized Part of the Cornea. — It is only a very small part 
of the cornea that is used for the measurement. Making the 
construction in the way indicated on page 9 we see that the 
images of the mires are formed by reflection on two small parts 
of the cornea situated about 1.2 mm. from the visual line. 




Fig. 40. 

Rotating the arc these two parts move describing a concentric 
ring around the visual line. This ring is the only part of the 
cornea which sends light into the objective, and consequently 
also the only part on which the instnunent can give information. 
The parts situated outside or inside this ring may have curva- 
tures quite different from those indicated by the instrument. 
Suppose, for the moment, that we have to do with a conical 



«« PHYSIOLOGIC OPTICS 

(hyperbolic) coraea: what we would measure would be the 
radius of BG of the circle BE (fig. 40), which touches the sur- 
face of the cornea at B and E (see page 16). Generally this 
circle coincides quite closely with the "optic" part of the cornea ; 
but if we want to make very exact measurements we must 
always take into consideration this source of errors. 

Exactness of the Measurements. — ^With a good illumina- 
tion an experienced observer would not easily be led astray to 
the extent of a quarter of a dioptry, which corresponds to almost 
-^ of a millimeter of error for the radius. Absolute reliance 
cannot, therefore, be placed in the second decimal of the 
measure of the radius. Danders and Homer arrived at very 
nearly the same results using the ophthalmometer of Helmholtz, 
— Still more accurate results may be obtained by using trans- 
lucent mires which are illuminated from behind by electric 
lamps. In these conditions an experienced observer can almost 
guarantee exactness to a tenth of a dioptry or thereabouts. 

30. Betnlti of the Measurement of the Cornea. — ^The radius of 
the cornea (at the summit) varies between 7 and 8.5 mm. It 
is extremely rare to find a cornea the radius of which is not 
situated between these limits, except in cases of keratoconus. 

The cure (fig. 41) shows the distribution of the different 
curvatures in a certain number of men (emmetropes) whom I 
examined in collaboration with Dr, Bourgeois. The average 
was 43.1 D=7.8 mm. It is noticeable, however, that these same 
measurements show that the radius is greater in persons tall in 
stature and with a large cranial circumference, (i) Now the 
persons whom we examined were indeed of tall stature {cuiras- 
siers). It may be, therefore, that the average length of the 
radius may be slightly smaller than that which I have just in- 
dicated. — It would be an error to think that one radius rather 
than another corresponds with emmetropia. As Javal says an 
elephant and a mouse may both be emmetropic despite the fact 
that their corneal radii must necessarily be very different. — It 



(1) Steiger has since found a still more manifest relation between tbe radii 
of the corneas and the distance between the ejee. 
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seems that we can express the relation by saying that in the 
emmetropic eye there exists a constant relation between the 
radius of curvature of the cornea and the length of the ocular 
axis, so that the ocular shell of different emmetropic eyes would 
always be a reproduction of the same type, a little enlarged or 
a little diminished. — ^The existence of the myopia and hyper- 
metropia of curvature (corneal) is not yet demonstrated (2) 
except, perhaps, for certain cases of very high hypermetropia 
which approach microphthalmia; but their existence is beyond 
doubt. 

If I except cases of astigmatism^ different in both eyes, it is 
very rare to find a difference, ever so slightly noticeable, be- 
tween the corneal refraction of the two eyes of the same 
person, even in cases of anisometropia. Amongst the cuirassiers 




8.23 8.43mm 



Fig. 41. — The abscissas indicate the radii of carrature of the eomea in 
millimeters, the ordinates the number per hundred of emmetropes in 
whom we meet the radius of curvature in question. 

mentioned above there were not more than two per cent, who 
showed a difference exceeding a half dioptry between the 
two eyes. 

Examination of the Peripheral Part of the Cornea. — 



(2) See, however, the communication of Sulzer to the Congress of the French 
Society of Ophthalmology, 1896. 
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Up to the time when Javal and Schioetg made a clinical method 
of ophthalmcxnetry there was little known of the form of the 
cornea. The ophthalmometer of Helmholtz being too compli- 
cated to make many measurements, one was limited to measur- 
ing three points of a meridian, that which corresponds to the 
visual line and another at some distance on either side. A!s the 
peripheral radii were found to be {greater than the central radius, 
and as, in consequence, the cornea could not be considered as a 
sphere, the curvature of the second degree which approached 
nearest the meridian measured was calculated (see fig. 42). 
Thus it was that the idea was disseminated that the form of 
the cornea (non-astigmatic) would be that of an ellipsoid of 
revolution around the long axis, which axis would be directed 
outwards from the visual line and form an angle of about 
5® («) with this line. This idea diflFers widely from the reality; 
the cornea does not resemble an ellipsoid. Helmholts insisted 
from the start on the fallacy of the comparison. 

After the construction of modem ophthalmometers it became 
much easier to study this question. The second model of the 
Javal and Schioetg ophthalmometer is provided with a very large 
keratoscopic disc divided into graduatioiK of 5^ by concentric 
rings. After having made the usual measurements, during which 
time the patient looks at the center of the objective, the measure- 
ment is repeated making him look 5*^ to the left, 10® to the left, 
etc.; and, after having thus measured the right half of the 
horizontal meridian we measure the left half. We repeat the 
measurements for the vertical meridian. — Measurements of this 
kind have been made in Paris by Sulser and Eriksen (fig. 42) ; 
these measurements confirmed the assertion of Aubert and Mai- 
thiesen who, using the ophthalmometer of Helmholts, had said 
that the cornea could be divided into two parts, a central one, 
which is approximately spherical and which we call the optic 
part, and a peripheral one or basilar part, which is much flat- 
tened. Eriksen reckoned as belonging to the optic part that part 
the refraction of which does not differ more than one dioptry 
from the central refraction. Its extent varies a little in different 
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eyes. Following are the limits of the optic part compared with 

those of the entire cornea, after Eriksen: 

Optic Part. Cornea. 

OntvnmlB 16.5° 44.7o 

Inwaida J*o 40.10 

AtMve 12.50 38.50 

Below 13.SO 42.2" 

The figures are the averages of measurements made on 24 eyes. 
The total width of the cornea is, therefore, not much less 
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lig. 42. — ^DUgrun of eoneal refnetioa after XHWen.— The ubeeiasu in- 

dieate the distance of the TJinal line in degreee, the ordinatei, the 

corneal refraction in dioptrles. 

The fall carve indieatea the refraction of the horizontal meridian of 

a left cornea meaaared in gradnations of Ave dsgreea. The zero eorreBponds 

to the Ticaal line. — aa, optie part of the cornea; ab, ab, basilar part. — The 

dotted curve ee corresponds to the ellipsoid calenlated according to the 

three meaaurementa taken at 0° and 25° on the right and left of the visual 

line; dd is the axis of this ellipsoid and the distance of this line from gero 

corresponds to the angle which Is often called the angle a. — We we that 

ttie true form of the cornea diftera eonsiderablj from the ellipsoid. 
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than 90°, and that of the optic part is about 30°, or a third of 
the entire width. The horizontal diameter, as well that of the 
optic part as that of the entire cornea^ is a little greater than 
the vertical diameter. 

Neither Sulzer nor Eriksen have foimd an axis of symmetry 
properly so called. Nevertheless, most of the diagrams of the 
latter show a tendency to s)rmmetry around an axis directed 
about 5*^ outwards and a little below the visual line. If, there- 
fore, the comparison with an ellipsoid is persisted in, we must 
imagine it much more pointed than we have done up to the 
present, and we must suppose the summit cut-oiF by a section 
perpendicular to the axis and replaced by a spherical cap. 

As far as the optics of the eye are concerned, the obliquity of 
the cornea plays only a slightly important role, since the optic 
part of the cornea is nearly spherical. This part corresponds 
to a linear diameter of about 4mm. When the pupil is large the 
basilar part may, therefore, play a certain part; according to 
the little table of Eriksen it would be especially inwards and 
above that its influence would be felt. But it is impossible to 
know anything of it without having examined each eye by 
itself, for the obliquity of the cornea is often compensated for 
by the eccentricity of the pupil. The position of the pupil 
varies much in different eyes. Sulzer found that on an average 
the center of the pupil is 5° outwards from the visual line, and 
that it is sometimes displaced upwards, sometimes downwards. 
This decentering of the pupil may, therefore, compensate for 
the obliquity of the cornea, so that it is especially outwards 
that we must expect to notice the effect of the peripheral flatten- 
ing. 

The basilar portion is less regular and much less polished than 
the central portion, which partly explains the slight success of 
optic iridectomies. The catoptric images have frequently a 
diffuse aspect and the ophthalmometric measurements leave much 
to be desired. Eriksen also has tried to obtain an idea of the 
variation of the radius of the peripheral parts by examining 
the form which the image of a white square assumes in the 
horizontal meridian, at different distances from the visual line. 
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We see on fig. 43 that the image becomes longer and longer 
until about 30° from the visual line, where it is two and a half 
times greater than at the center. Just at the periphery the 
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Fig. 43, — Forma of the image of a trhite square at different parts of tbe 
cornea (borizontal meridian, internal half), after Erik»en. — The 
GguitB at the top of the squares indicate the distance in degrees 
from the viaual line; those at the bottom the refraction (in the 
horizontal meridian) in dioptries. 



image becomes narrower, and ends as a rectangle placed upright ; 
at this place the image is sometimes double; a second image is 
formed still farther away on the edge towards the sclera, and 
this image is inverted in the horizontal direction, but not in 
the opposite direction. These latter phenomena indicate that 
the curvature increases very considerably towards the border, 
and that beyond this place there is, at least in some eyes, a 
concavity, like a furrow which separates the cornea from the 
sclera. We must note that the images should increase a little in 
height towards the periphery at the same time that they increase 
in width, because the curvature diminishes also in the vertical, 
but much less than in the horizontal direction. This increase 
is not indicated on the figure. 

In a general way we may, therefore, consider the portion of 
the cornea which plays a part in the optics of the eye as spheri- 
cal, 50 that the angle ", understood in the sense in which we 
generally accept it, loses its importance, — This is why I have 
defined the angle " as being the angle between the visual line 
and the optic axis of the eye. a definition which others have also 
given to it. 

Note, furthermore, that the normal cornea is slightly astig- 
matic ; we reserve a special chapter for this anomaly of re- 
fraction. 
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The radius of the normal cornea does not fall below 7 mm., 
but in cases of keratoconus we may meet radii of 6 or 5 mm., 
or even still smaller radii, to a point where the arc of the oph- 
thalmometer becomes too short; we cannot separate the mires 
sufficiently to obtain contact. The images of the mires assume 
in this case, as also when there are corneal opacities, irr^^ar 
forms. 

By the SuUer-Eriksen method we determine the radius of 
curvature at a given part of the cornea. We obtain by this 
method a very good idea of the form of the cornea, but the 
results are not directly applicable to ocular dioptrics for the 
reasons given on page 16. To be able to calculate the aberration 
produced by a peripheral flattening of the cornea, we should 
know the normal (the part of the perpendicular to the cornea 
comprised between the latter and the visual line). To d^er- 
mine it Brudsewski made certain changes in the ophthalmometer. 
He replaced the arc by a larger one, reaching 170*^. One of the 
mires is fixed at the middle of the arc so that its border when 
prolonged would pass through the axis of the telescope, while 
the other mire slides on the arc so as to be able to obtain con- 
tact. The observed person fixes the middle of the objective 
during all the measurements. He uses prisms of different 
doubling power. He begins, for example, with a prism doubling 
I mm. ; and, the arc being placed horizontally, he determines the 
position, on the nasal side, which the movable mire must have 
so that he may obtain contact. He then makes the same deter- 
mination on the temporal side, after having placed the arc ver- 
tically upwards and downwards. These measurements give the 
length of the normals to the cornea at four places, situated at 
I mm. from the visual line. He then replaces the prism by an- 
other doubling 2 mm., and so forth. Knowing the normal he 
can then directly calculate the aberration produced by the cor- 
responding part of the cornea (see chapter VII). 

We observe, furthermore, that the ophthalmometer lends itself 
very well to the examination of the curvature of the surfaces of 
the dead eye. Holth thus made a series of measurements in the 
laboratory of the Sorbonne. He placed the eye with the cornea 
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upwards under a mirror at 45° which sent the reflected image 
in the direction of the ophthalmometer. The mirror must not 
be too small, for it must allow us to measure also the peripheral 
parts of the surfaces by displacing the instrument- As the 




Kg. M. — KerntoBcopic imagea ct a cornea presenting a. considerable aatig- 
m&tiEm at the central part (central ring of figure C). while the 
remainder of the cornea ig nearly eiempt from it. After Javal. — 
C, direct look; H, upwonls look; B, dovrnwards; D, to the right; 
Q, to the left. 

surfaces are generally more or less misty, we are obliged to 
coat them with a very thin layer of oil to make them bright. It 
was necessary for the measurement of the cornea to make an 
injection into the vitreous body so as to make its tension that 
of the eye, but it was interesting to note how much he could 
change the tension of the eye without observing any perceptible 
alteration in the curvature of the cornea. To measure the curva- 
ture of the posterior surface of the cornea, Holth injected a 
solution of gelatine into the anterior chamber; as soon as the 
gelatine solidified he removed the cornea and measured the 
anterior surface of the cast, made bright with oil. The anterior 
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irface of the crystalline lens is measured directly, after the 
:omea and iris have been removed. To measure the posterior 
" surface he cut the eye in two, along the equator, and, the 
vitreous body being removed, the eye was placed with the cornea 
do^vnwards. Holth gave an account of the results achieved by 
him at the Ophthalmological Congress of Utrecht in 1899 (see 
also page 219). 

Examination with the Kebatoscopic Disc. — The measure- 
ment of peripheral parts of the cornea takes too much time to 



J that of figure H. 

be of service in clinics, but we can obtain information about the 
peripheral parts of the cornea by means of the keratoscopic disc, 
a circular disc, on which are painted concentric circles of dif- 
ferent colors. We can place it on the telescope of the ophthal- 
mometer by taking out the double refracting prism, or simply 
by holding it in the hand and looking through a central aperture 
{Placido). Generally the patient looks towards the middle of 
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the disc; the images of the circles are then circular in a normal 
eye, and elongated along the meridian of least refraction in the 
astigmatic eye; by making the patient look towards the border 
of the disc it is easy to establish the peripheral flattening of the 
cornea. 

In cases of irregular astigmatism the circles assume irregular 
forms; and we may often, by studying these forms, obtain im- 
portant information on the anomaly in question. — Thus figs, 44 
and 45 show the appearance of the disc in cases in which the 
central part of the cornea was affecicd with a pronounced astig- 
matism, while the middle zones were scarcely affected at all; 
we see, in fact, that the central ring of figure C, which cor- 
responds to the middle of the cornea, is much lengthened, while 
the more peripheral rings are almost circular.^ — In cases of 
keratoconus the image of the disc is very small when it is formed 

I at the summit of the cornea, but the least deviation of the look 
causes a change of form by lengthening it in the radial direction 
(fig 46). 



N 




Fig. 46. — KetatoBcDiiic figures of a 



□ of keratoconus. After Javal. 
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We have seen (page 44) that the visual line passes through 
the cornea perpendicularly or nearly so. When making a kerato- 
Kopic examination the observed person looks into the telescope ; 
the center of the concentric rings of the image indicates, there- 
fore, the place where the visual line passes through the conica, 
and if, at the same time, we illuminate the eye moderately we 
can account for the direction of the visual line relatively to the 
different parts of the eye. It may be useful to modify the 
appearance of the disc. Figure 460 shows the keratoscopic 
appearance of an eye af- 
fected with a high de- 
gree of astigmatism, and 
of which the angle o has 
an unusual size; the 
small black circle indi- 
*' cates the pupil, the 
white figure is the cor- 
neal image of a large 
while disc provided with 
a black cross, the amis 
of which were placed in 
the principal meridians; 
its elliptical form is due 
to the astigmatism. The 
visual line corresponds 
to the intersection of the two black lines. We notice that it is 
placed very eccentrically in the pupil so that the four quadrants of 
the latter are of very different size. The angle a was about 9° ; 




3 

Fig, 46a. — Keratoscopic image of 1 
with a large angle «, 



Tig. 46b. — Bpot of Uariette of an tjt « 
thst (dotted) of n normnl «j 



B large angle o, eompaied with 
a, point of fixation. 



the Bxis of the crystalline Icnn wan directed 8.8° outwards and 
3.8° downwards from the visual line. 
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As in every instance in which the angle ^ has an unusual size, 
the cause was to be found in the displacement of the fovea, a 
displacement which, in this case, manifests itself also by an 
increased distance between the point of fixation and the blind 
spot (fig. 46b), The internal border of the latter was at 15® 
instead of 11** or 12*^. 



31. Measurement of the Angle a. — For the following measure- 
ments I use the ophthalmophakometer (fig. 47, see page 53). I 
designate by A the cursor which carries only one lamp; by B 




Fig. 47. — The ophthalmophakometer. 

that which carries two, placed on the same vertical rod, and 
by C the third cursor which carries a rod on which moves ?i 
small bright ball which serves as the point of fixation. 
I place the arc horizontally and the cursor B at the zero of 



(1) The lamp of Uie cursor A is not used in Uils experiment 




Pig, 49. — Position of the imncPa ivhpn the otiwrveii person looks into tbe 
telescope. The pOBition of the lamps is the same as in figure iS. 
At the middle, the corneal imapes on the right, those of the an- 
terior surface of the crystalline lens; on the left, those of the 
posterior surface of the crystalline lens. The images of the posterior 
surface of the cornea are not visible. 
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latter place. It is clear that, if the surfaces of the eye were 
centered around the visual line, we should, in these circum- 
stances, see the six images of reflection on the same vertical line 

(fig. 48) (those of the posterior surface of the cornea are not 
visible under these conditions). But this has never happened. 
We always see, as in fig. 49, the images of the anterior sur- 
face of the crystalline lens, on the one side, those of the posterior 
surface of the crystalline on the other, and the cornea] images 
in the middle. I then request the observed person to fix the 




Fig. 50. — The two lamps are in the siune horiKontal plane aa the axis of 
the telescope. The observed person looks into the telescope. 

bright ball of the cursor C, and I displace this cursor until I 
see the images placed as in fig. 48. The optic axis of the eye is 
then in the vertical plane, passing through the axis of the tele- 
scope, and the angular distance of the cursor C from the telescope 
indicates how much the visual line deviates from the optic axis 
in the horizontal plane. — ^We find that it is necessary to place 
the cursor C on the nasal side at a distance from the telescope 
varying between 4° and 7° (angle "). — This angle can be deter- 
mined with very great exactness. 

I then place the arc vertically so that the two lamps are in a 
horizontal plane: generally the six images are not on a horizontal 
line (fig. 50) ; by displacing the cursor C, which the observed 
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person fixes, until I see all the images on a horizontal line, I ' 
determine the vertical deviation of the visual line. 

The optic axis is nearly always directed outwards from the . 
visual line, and most frequently downwards (2" to 3°); some- I 
times we find it. however, in the same horizontal plane, or de- 
viated a little upwards. 




Pig, 61. — Defect of centering 

Defect of Centering. — We sometimes observe that it is not 
possible to place the six images on a straight line (fig. 51). 
We succeed in aligning two pairs, whichever we want, but the 
third remains outside. This takes place when the eye is not 
exactly centered; that is to say, when the axis of the crystalline 
lens does not pass through the center of curvature of the cornea 
(the posterior surface of which I neglect). We can nearly 
always establish slight defects of this kind, but most frequently 
they are negligible. When we find more considerable defects, 
it is generally because the axis of the crystalline lens passes a 
little (up to 0.25 mm.) above the center of curvature of the 



^1 De 

^H measure 
^^^ position 



Determinstion of the Position of the Internal Surfaces. — To 
the radii of the surfaces we must determine: 1° the 
(the distance from the summit of the cornea) of the 
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surfaces; 2° the position of the centers. It is true that there 
exists, as we shall see, a means of determining the radii directly, 
but we must not forget that all the sizes which we are measur- 
ing here are apparent sizes, and that, to find the real values, we 
must reduce the results by a calculation following the rules 
which we have already given (page 49). To make this reduc- 
tion it is necessary to know the position of the surfaces, which 
knowledge is likewise necessary in order that we may be able 
to combine the surfaces with one another so that we may pro- 
ceed to calculate the entire optic system. 




<#. 



Tig, 52. — ^Method of determining the position of an internal sorfaee of 
the eye. — Si, anterior surface of the eomea; Oi, its center; 8t, an- 
terior surface of the crystalline lens; Ca, its center; d, Ca, optic 
axis of the eye. 



I take the anterior surface of the crystalline lens, as an ex- 
ample, and I suppose that we are making the measurement in 
the horizontal direction. It is useful to dilate the pupil. 
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, I place the arc of the instrument horizontally, and I jdace also, 
as far away as possible from the telescope the cursor A, the 
lamp of which must be sufficiently brilliant that the image of 
the surface to be measured may be quite visible. This done, 1 
place the cursor Q which carries the mark of fixation, at a 
place such that the optic axis of the eye may bisect the angular 
distance between the telescope and A (i). It is necessary, there- 
fore, to have previously measured the angle ^. We then displace 
the cursor B, the lamps of which must be very feeUe so that 
we may see only the corneal images, until the crystalline image 
of A is exactly on the same vertical as the corneal images of B. 
Glancing at fig. 52, it is easy to see that we now possess the 
elements necessary to calculate the distance of the anterior sur- 
face of the crystalline lens from the summit of the cornea, for 
the angle c is half the angular distance of A from the telescope, 
and the angle J is half of the angular distance (i) of B from 
the telescope. Supposing that we knew the radius of the cornea 
R|, which should have been measured previously, the triangle 
O2 C, P gives us the relation Oj Cj = Rj -^ and we have 
for the distance, looked for 

c 

0,0, = R, - O^i = » '^ "° d\_r. mnc — nnd 



R, /I -il!5J5\= R, ""^-^ 
I SID r I iin ^ 



If very great exactness is not desired, the sines can be re- 
placed by the arcs. 

Example. — Let the radius of the cornea be 7.98 mm., the dis- 
tance of A from the telescope 28° nasal, that of B 16.8° nasal; 
we will have O, 02=798 (i — iiil:^ )=3.i6 mm. The 

* ^ tin U® 

apparent depth of the anterior chamber would, therefore, be 3.16 
mm., whence we find the true value 3.73 mai. by placing in the 
formula £! + /-» = i, the values Fj=23.64, F2=3i.6i, f^= 
—3- 16. 



(1) We CAD ImAKlDe tb« two lampi of B UDlted iDto ODe onlj, at the level 
of the lamp of A. 
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33. Determination of tbe Centers of the Internal Snrf aoes. — We 
place A above the telescope, and we move C with the mark of 
fixation as far as possible from the telescope, but so that the 
image may not disappear behind the iris; then we displace B 
until the corneal images of its two lamps are on the same ver- 
tical line as the crystalline image of A. 




Fig. 53. — Method of determining the position of an internal snrfaee of the 
eye. The letters signify the same as in figore 52. 



Under these conditions, the axis of the telescope is perpen- 
dicular to the apparent anterior surface of the crystalline lens 



(I) If the eye li not centered we muet replace the optic axle hy the line 
passing throuKh the center of currature of the cornea and the center of the 
surface which we desire to measure. We find this line as we found the optic axis 
In the preceding experiment, hy aligning the corneal Images wltt the images 
of the surface to he measured. 

(II) If we Imagine the lamp placed at the center of the ohjectlve, the ray which 
reaches the obserrer's eye would be reflected exactly on Itself, which can take 
place only if It meets perpendicularly the apparent surface. 
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(II). We find the angle a (fig. 53) by adding (subtracting) the 
angle x to the angular distance of C from the telescope. The 
angle b is half of the distance of B from the telescope ; we have 
C2Ci=:R, l|l£. and the distance sought equal to 



\ sill aj y sin a f 



Example — In the same eye as before let «=s.i°, the distance 
of B from the telescope 12.4° temporal and that of C from the 
telescope 9.9° nasal. We would then have for the distance 
sought 7.98 (1+ jiiiH!.) =18.28 mm. and the apparent radius 
would be 18.28mm. — 3.16 mm.=is.i2 mm. The position of the 
real center would be 13.78 mm. (i) and the radius of the real 
surface 13.78 mm. — 3.73=10.05 mm. 

34. Direct Determination of the Badii. — In fig. 49, as well as 
in figs. 50 and 51, the ratio between the distances separating 
the two images of the same kind is equal to the ratio between 
the apparent radii. We may, indeed, consider the distance 
separating the two lamps as an object, three images of which 
are formed on the pupil; these images are proportional to the 
radii following the formula -iL = ^, since O and / are the same 

in the three cases. 

We can make sufficiently accurate measurements of the radii 
if we make use of two cursors similar to A and two others 
similar to B. We place the lamps A in such a position as to be 
able to observe clearly the images produced by the anterior 
surface of the crystalline lens. Then we displace the cursors B, 
the lamps of which must be feeble, until the corneal images of 
the lamps of each are on the same straight line as one of the 
crystalline images of A. We consider the distance which 
separates the cursors A as object for the anterior surface of the 
crystalline lens, and that separating the cursors B as object for 



(1) [CoDBldering that we have again obtained this apparent poelUon with 

reference to the refraction of the cornea, we muit therefore in the formula 

Zl _i_ ^= 1 put Pi = 23.64 ; F, = 31.61 and fx =— 18.28, this gives f, 
/I ^ /a 
=18.78.]— W. 
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the cornea. As the images are alike, the radii must be inversely 
proportional to the objects. Knowing the radius of the cornea, 
we can, therefore, calculate the apparent radius of the anterior 
surface of the crystalline. 

To determine the astigmatism of the surface we must re- 
peat all the measurements in the vertical meridian. 

The posterior surface of the crystalline lens is measured ex- 
actly like the anterior surface. As to the posterior surface of 
the cornea, its image is not visible at the middle of the pupil. 
We must, therefore, limit ourselves to measuring the peripheral 
parts. The direct determination of the position of the surface, 
following the method indicated in paragraph 32, is not applicable 
for the same reason, but the position of the center can be de- 
termined after paragraph 33, and the length of the radius as we 
have just explained, which gives indirectly the thickness of the 
cornea. It is necessary to have previously measured the radius 
of the anterior surface of the cornea at the place where we are 
making the measurement, for generally this place is so peripheral 
that the flattening of the cornea makes itself felt. Besides, the 
posterior surface undergoes, towards the periphery, a flattening 
analogous to that of the anterior surface, so that the relation 
between the radii of the two surfaces seems almost the same 
everywhere. 

35. General Bemarks. — We can, therefore, thus measure on 
the living subject all the optic constants except the indices. But 
we must not deceive ourselves as to the exactness ot these 
measurements; excepting those of the anterior surface of the 
cornea, they are not very exact. In fact, the crystalline images 
are feeble, and those of the anterior surface of the crystalline 
lens very diffuse, which causes the measurement to become less 
certain; there are also other sources of errors, such as that 
made by comparing the surfaces to spherical surfaces, it may 
happen also that the observed eye does not fix exactly at the 
moment of observation. When we wish to determine, for ex- 



86 PHT8I0L00IC OPTICS 

ample, the radius of the anterior surface of the crystalline lens, 
we have to depend on three measurements, that of the radius 
of the anterior surface of the cornea, that of the position of the 
anterior surface of the crystalline, and that of the position of 
its center. The errors of these meastirements are added in the 
final result. I do not think, therefore, that we can guarantee 
an exactness of more than half a millimeter in the final result. 
As far as the optics of the eye are concerned, this want of ex- 
actness does not present any considerable importance. Indeed, 
it must not be forgotten that the difference of index of the mecfia 
which separate the internal surfaces is very slight, making it un- 
necessary to know the radii very exactly; an error of half a 
millimeter in the measurement of the anterior surface of the 
cornea corresponds to about 3 D., whilst the same error in the 
measurement of the anterior surface of the crystalline lens cor- 
responds only to a third of a dioptry. — But, as to the thickness 
of the crystalline lens, which is only 4 mm., an error of half a 
millimeter presents a vast importance. The much disputed 
question of knowing whether the crystalline lens changes its 
thickness during accommodation can with difficulty be decided 
by the observation of the crystalline images, for the alleged 
change (an increase of 0.4 mm.) does not exceed the limit of 
error. 

Ophthalmometry of the cornea has passed the doors of the 
laboratories, and has been introduced into clinics where it is 
daily rendering great service. It might be asked, therefore, 
whether the measurements of the internal surfaces could not 
also find clinical application. Indeed there often exist between 
the astigmatism indicated by the ophthalmometer and subjective 
astigmatism, differences the cause of which it is very natural 
to look for in the internal surfaces, and which we might hope 
to disclose by these methods. I have made some measurements 
of this character, but I do not think they have a great future. 
They are always very complicated; it would be necessary, in 
fact, to measure the radius of each surface at least in two 
meridians, and as each radius calls for two measurements (of the 
surface and the center) this would involve already 12 measure- 
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ments; it would then be necessary for us to calculate the real 
values in order to deduct the astigmatism of each surface and 
lastly to combine these astigmatisms with that of the anterior 
surface of the cornea. This is already sufficiently complicated, 
but it becomes more so if, as is probable, the main meridians 
of the internal surfaces coincide neither with one another nor 
with those of the anterior surface of the cornea. — It is true 
that it would be possible to simplify the methods for practical 
application, and to replace the calculations by approximations, 
but I do not think the result is worth the trouble, more especially 
as it is probable that we frequently would not find what we look 
for, the explanation of the differences between ophthalmometry 
and subjective astigmatism, for these differences are probably 
frequently due to the fact that the peripheral parts of the cornea 
have an astigmatism different from that of the central parts, 
which we measure with the ophthalmometer. 

Bibliography.—Aobert (H.). Pfluger'$ Archiv. Bd. 35, p. 597, 1885. 
— Javal (E.). MimoireM d'ophthdlmomStrie. Paris, 1890.— Baker (D.). 
La forme de la comie humaine et son inflttenoe 9ur la VMion. AreK d'apht., 
1891. — ^Eriksen. HomhindemfiMlinger (Daodsh). Arahos, 1893. — Tsehem- 
ing (M.). Beitrage but Dioptrik des Atigeg {ZeiUchrifi fwr Ptychologie 
tmd PhyHologie der 8inne$organe, III, p. 429). — ^Brudzewsld (K.). Beitrag 
9wr Dioptrik des Auges. AroK fur AugenheUhunde. XL, 3. 



CHAPTER V 

CIRCLES OF DIFFUSION ON THE RETINA 

86. Definition. — Receiving on a screen the image of a distant 
luminous point, and moving the screen forwards and backwards, 
we see that there is only one position in whicb there is formed 
a distinct image of the point. In every other position we see on 
the screen a luminous spot of the same form as the aperture 
of the lens, which spot is the larger the farther it is removed 
from the distinct image. This luminous spot is called circle Of 
diffusion. 

The same thing happens in the eye, with this difference that, 
not being able to move the retina backwards or forwards, we 
move the luminous point which amounts to the same. The 
round form of the image of diffusion is due to the round form 
of the pupil ; if we look, for example, through an aperture which 
is triangular and smaller than the pupil, the image of diffusion 

is triangular and is some- 
what improperly called 
circle of diffusion. 

It is easy to calculate 
the size of the circle of 
diffusion (fig. 54). If the 
Fig. 64. diameter of the pupil (of 

exit) be designated by p, 
its distance from the retina by a and the distance of the distinct 
image from the retina by d, we have for the diameter of the 
circle of diffusion the expression 

^ d -\- a 
If, instead of a luminous point, we observe an object the 
image of which is formed in front of or behind the retina, each 
point of the object produces on this membrane a circle of diffus- 
ion which is overlapped by the next circle, except near the 

88 




CIRCLES OF DIFFUSION ON THE RETINA 89 

borders of the diffuse image. There is also formed around the 
shape of the object a border, the width of which is equal to 
half of the diameter of a circle of diffusion, and the intensity 
of which diminishes towards the periphery. The object is, 
therefore, seen a little enlarged and with ill-defined borders. 

I 
87. line of Sight. — When we perform the act of sighting we 

try to make two points, situated at different distances, coincide ; 
as we can only see one point distinctly at once, it is generally 
supposed that we make the image of one of the points coincide 
with the center of the circle of diffusion of the other. Now the 
center of the circle of diffusion corresponds with the middle of 
the pupil; it would be necessary, therefore, to place the second 
point on the line which joins the point which is fixed to the 
center of the apparent pupil, a line which is called the line of 
sight. This reasoning is subject to caution. Indeed, in order 
to be able to sight, it is necessary to see the second point pretty 
distinctly, which requires that it be not too far removed, optically, 
from the point fixed. The circle of diffusion of the pomt ot 
sight is, therefore, so small that we commit only a very small 
error when we consider it as a point. We must also note that 
the rule according to which the circle of diffusion should every- 
where have the form of the pupil, is not strictly correct. By 
reason of astigmatism and other irregularities of the eye, there 
nearly always exists, as we shall see in chapter K, a part in 
front of or behind the focus, where the circle of diffusion is far 
from having the form of the pupil ; it assumes more or less ir- 
regular forms, and the light is no longer distributed in a regular 
manner. In sighting, then, we make the image of the point fixed 
coincide with the brightest part of the circle of diffusion, which 
has nothing to do with the center of the pupil. In order not to 
complicate the terminology, it would, therefore, be preferable to 
dispense with the expression line of sight. 

38. Accommodation. — ^We know that the eye can change its 
focus, adapting itself for shorter distances than that for which 
it is adapted in a state of repose. Holding a book at 50 centi- 
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meters and placing a veil between the book and the eyes, at 20 
centimeters, we can see distinctly, sometimes the threads of the 
veil, and sometimes the letters. — If we illuminate the fundus 
of an emmetropic eye with the aid of a plane mirror, by using 
a flame placed at a great distance, we see a distinct image of 
the flame projected on the fundus of the eye, if the observed 
person looks in the distance. If, on the contrary, he fixes an 
object located nearer, the image forms a circle of diffusion 
which, most frequently,- fills the entire pupil. The contrary 
takes place when the flame is placed at a short distance. 



Pig. 55.-— Bulei of the optometer o( Young. 

39. Experiments of Czennak, Scheiner and Uile. — Looking 
towards an illuminated surface (the sky, for example) through 
a pin-hole made in a dark screen, we see the opening under the 
form of a circle of diffusion. If we move a second screen, held 
nearer the eye, in front of the opening, it seems to move in a 
direction contrary to that in which it really does move. If, on 
the other hand, we move the second screen in front of the first, 
it seems to move in the direction of its real displacement {Czer- 
mak). 

Looking towards an illuminated surface through two openings, 
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the distance of which is smaller than the diameter of the pupil, 
we see two circles of diffusion which partly overlap. A needle 
is then [daced so that we see it in the part conunon to the circles 
of diffusion, and another farther away in the same direction. 
That one of the two needles which we fix is seen single, the 
other douUe. If it is the nearer needle that is seen double, the 
image on the left disappears, if we cover the opening on the 
right, (i) If it is the other needle that is seen double, the 
contrary takes place (Scheiner), — It is easy to repeat this ex- 
periment with a lens, and it is also a very good way of deter- 
mining the focal distance of the latter (by rei^acing the needle 
by a luminous point). 

If we look at the more distant of the two needles in the 
experiment of Scheiner through a single small inning, we shall 
see that a slight movement of the screen causes the nearest 
needle to move in the contrary direction. On fixing the nearer 
of the two needles the other seems to move in the same direction 
as the screen (Mile). 

It is easy to account for these phenomena when we sketch the 
course of the rays, not forgetting that the eye inverts the 
phenomena when projecting them outwards. 

40. Optometer of Thomas Toung. (2) — ^The experiment of 
Scheiner forms the basis of the optometer of Thomas Young, 

(1) To render tiie experiment more striking to mj pupils, I had a pUte of red 
gelatine glued In front of the opening on the right But, after having explained 
the theory of the experiment, I met with very vigorous protestations; all de- 
clared that It was the needle on the right which appeared red. It Is thus, In fact, 
when we look towards the sky. but we must not conclude from this that It Is the 
needle on the right which belongs to the opening on the right. The phenomenon 
is analogous to that of colored shadows, of which I will speak in chapter X^TII. 
If one places oneself in such a way that the needle is eliminated, it is the 
image on the left which appears red. One of my pupils, M. JohnBaon, has studied 
the chromatic phenomena which are observable under the same circumstances, 
by looking at the needle towards the sky, but without the interposition of the 
colored plate. One sees them specially well by dilating the pupil and using the 
slits of the optometer of Young. When the needle is situated on the near side 
of the point which is fixed, one of the Images is seen green, the other purple; 
each image is bordered with red on the side which looks towards the other image, 
with blue on the opposite side. These phenomena, which depend on the chromaUc 
aberration of the eye, are not yet well explained. 

(2) Not being able to procure any part of this instrument, I had it constructed 
again by M. Werlein, modernising it a little. 
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which appears to me to be one of the most important instruments 
for the study of physiologic optics. It has the form of a little 
rule. On one of the faces is drawn a fine white line on a black 
ground. We look along this line, through a lens of -[- lo D. In 
front of the lens moves a small horizontal rule, in which are 
different groups of slits (fig. 55a). Placing the two slits, which 
are at the middle of the horizontal rule, in front of the lens, 
they act like the openings in the experiments of Scheiner. Each 
point of the line appears double, except that which is seen dis- 
tinctly; an emmetrope, not using his accommodation, must, 
therefore, see two lines which intersect at the punctum remotum, 
or artificial far point, at 10 cm. from the eye. To determine the 
refraction of any person we make him look in the instrument, 
and put a small cursor at the place where he sees the lines Inter- 
sect. A dioptric scale, placed along the line, then permits the 
refraction to be read off directly. — We then determine the near 
point (punctum proximum) in the same manner. — ^The other 
groups of slits permit the determination of the refraction of the 
different parts of the pupillary space. We can also use the little 
vertical rule (fig. sifr) which has the form of a very pointed 
triangle; by lowering it more or less, we eliminate a smaller or 
greater part of the middle of the pupil. 

The instrument does not lend itself very well to the examina- 
tion of patients, for it is quite difficult for an inexperienced 
observer to use it without using his accommodation. For one 
who can control his accommodation, the instrument permits the 
measurement simultaneously of the refraction and the amplitude 
of the accommodation; the refraction can be determined in 
different meridians by making the instrument rotate around its 
longitudinal axis. It was thus that Young discovered the astig- 
matism of his own eye. 

The observations made with this optometer are, moreover, of 
the greatest importance for the study of the nature of accommo- 
dation (see chapter XII). 

41. Effects of the Stenopaio Opening. — Looking through an 
opening smaller than the pupil, we diminish the circles of dif- 
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fusion so that objects which we first see dimly become more 
distinct. This is why myopes see better at a distance by lookxng 
through a small opening. We can also make use of it as a 
magnifying glass; we can, indeed, move very close to the eye 
the object which we desire to examine, and in this way obtain 
a very large retinal image. The more the diameter of the open- 
ing is diminished, the more distinct the image becomes, but it 
loses at the same time in brightness. We cannot exceed a 
certain minimum limit without blurring by diffraction the dis- 
tinctness of the image, (i) 

As the stenopaic opening effaces, so to speak, the effect of 
the anomalies of refraction, it is harmful in all cases in which 
we desire to determine refraction. This is why we place patients 
with their backs towards the window when we examine their 
vision. We must also avoid the small apertures in the ophthal- 
moscopes which are used to determine refraction; a too strong 
illumination is equally hurtful. 




Fig. 56. — Magnification by means of the stenopaic opening. 



Examining an object placed very near the eye through a 
stenopaic opening, we shall see that the object seems to enlarge 
as we gradually move the screen away from the eye. Following 
is the explanation of this fact. 

Let AB (fig. 56) be an object, and A^B^ its image formed by 
the optic system of the eye. As the object is near the eye, the 



(1) Looking at a luminous point which we see distinctly, through a veir fine 
opening, we obsenre that It becomes enlarged Into a small luminous surface 
surrounded with brilliant rings. This effect of diffraction begins to make itself 
slightly felt starting from an aperture of the pupil or of the opening of about 
2 millimeters. 
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image is formed quite a distance behind the retina. To deter- 
mine the position of the indistinct image on the retina, we draw 
the ray Ac passing through the middle of the pupil of entrance ; 
after refraction it continues its course as if it came from c^, the 
center of the pupil of exit. Its direction is AVj, since it must 
pass through A', the image of A. The point a is, therefore, the 
middle of the circle of diffusion which A forms on the retina, 
and ab is the diameter of the image of diffusion. — ^Let us now 
interpose the screen EE with its stenopaic opening. The cmly 
ray which* passes from A through this opening takes the direc- 
tion AK and, after refraction, the direction K^A^; it meets the 
retina at a^ and a^ 6^ is the size of the retinal image. We see 
that this image is larger than ab and that it would become larger 
still if we moved the screen farther away. — ^Myopes looking at 
distant objects through a stenopaic opening see them diminish 
if the opening be moved away a little. 

Bibliography. — The stadj of the influenee of eirelee of diffiuioii on 
▼irion has been very mneh negleeted by modem aathors. The best work 
done on this question is the following, which dates from the last eentniy: 

Jurin (J.)< Suai sur la vition diitinete et indUtinote, in Bobert Smith, 
Cawrs eomplei d'apUque, translated by Pesenas, Paris, 1767. — Beheiner 
(0.)* OculuB. Innspraek, 1619.— Mile (J.)* Pogg. Ann., XLII, 40.-— 
OBiHfres de Young, edited l^ Tseheming, page 112. — ^Tseheming (M.). 
L'aptometre de Young ei son emploC Arch, de physioU Oetober, 1894. 
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summit of the staphyloma does not correspond exactly with the 
fovea. It is evident that, if the optic system of the eye were 
perfect, all the rays emanating from a point would meet exactly 
in a point on the screen^ and the obliquity of the latter would 
play no part, for the extent of distinct vision is so small that 
the difference of distance of the different parts of the image 
from the optic system cannot have much influence. But if the 
rays do not meet exactly in a point, as is nearly always the case, 
it is clear that the circle of diffusion on the retina must be larger 
when the retina is placed obliquely, and that this must diminish 
visual acuity. 

2°. Anomalies of the Refracting Surfaces. 



Myopia ) - 

' '^ I of curvature. 



Hypermetropia 
Regular astigmatism. 
Spherical aberration. 
Chromatic aberration. 
Keratoconus, 
Lenticonus. 
Aphakia. 

Luxation of the crystalline lens. 

All the forms which are classified under the name of irregular 
astigmatism. 

i 

3°. Anomalies of the Indices. 

False lenticonus. 

The anomally which Demicheri has recently described under 
the name of false lenticonus is the only anomaly of the indices 
which has been established up to the present. In these cases 
we see with the ophthalmoscope the same play of shadows that 
is characteristic in keratoconus ; it is due to a great difference of 
refraction between the middle of the pupil which is very myopic 
(as high as lo D. and more), and the periphery which is hyper- 
metropic (3 to 4 D) The explanation is probably to i»e found 
in a diminution of the index of the peripheral layers of the crys- 
talline lens, a change which must diminish the refraction of the 
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peripheral parts of the pupil and greatly increase the central 
refraction, following the explanation which we have given on 
page 36. We find in these cases the images of Purkinje doubled 
(see page 35), the surfaces of the nucleus giving rise to a quite 
regular reflection; these cases are analogous to that which I 
have fotmd in the case of the eye of a dead ox, probably also 
due to the imbition of water by the superficial parts. 

43. General Bemarki on Ametropia. — We designate as the far \ 
point (punctum remotum) the place for which the eye is focused j 
when in a state of repose. It is, therefore, the conjugate focus / 
of the fovea. By making an effort of accommodation, the eye 
can focus itself for shorter distances. The nearest pomt for 
which the eye can adapt itself is called the near point {punctum 
proximum). We generally express the distance of the near 
point and that of the far point in dioptrics; the difference be- 
tween the two numbers is called the amplitude of the accom- 
modation. The determination of the far point is quite easy, ana 
forms an important part of the work of the oculist ; that of the 
near point is not very certain, since its position depends on an 
effort of the patient, the strength of which may vary from day 
to day; for that reason the determination of the near point is 
frequently neglected in clinics. 

We consider as normal the emmetropic eye, that is to say, an 
eye such that, in a state of repose, the image of distant objects 
is formed on the retina. In the myopic eye this image is formed 
in front of, in the hypermetropic eye behind, the retina. We 
designate these two anomalies under the common name ot 
ametropia. The emmetropic eye has its far point situated at 
infinity, that of the myopic eye is at a finite distance. As to 
the hypermetropic eye, its remote point is virtual. It is neces- 
sary that the rays converge before entering the eye m order 
that they may reunite in a point on the retina. This point to- 
wards which the rays must converge, before entering the eye, 
and which is consequently situated behind the latter, is the far 
point; its distance is to be put down as negative. The degree of 
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ametropia is indicated by expressing in dioptries the distance of 
the eye from the remote point. ( i ) 

In the great majority of cases, myopia and h)rpermetropia are 
due to an anomally in the length of the eye: the myopic eye is 
too long, the hypermetropic eye too short. An increase or a 
diminution of i millimeter in the axis of the eye corresponds 
to an ametropia of two dioptries and a half. Let us place in the 
formula of Newton, Iil2=^ip2* ^^^ values of the simplified eye 
Fj=i7 millimeters, F2=22.7, and we will have /j/2=386, in 
which formula /^ is the distance of the far point from the an- 
terior focus and l^ the distance of the retina from the posterior 
focus of the eye. If /2= i millimeter, /i=386 millimeters, which 
corresponds to about 2.5 D. ; if /2=2 millimeters, /j=i93 milli- 
meters or about 5 D., and so on. 

Myopia is corrected by placing in front of the eye a concave 
glass so that the image which it forms of distant objects may be 
situated at the far point of the eye. On account of the distance 
of the glass from the eye its focal distance is a little shorter than 
the distance of the eye from its far point. The subjective ex- 
amination always results, therefore, in our finding a somewhat 
higher myopia than really exists. The difference is insignificant 
for low degrees of myopia, considerable for high degrees. .If 
we move the glass away from the eye, its effect diminishes. — 
"When selecting the correcting glass, we must take great care to 
select the weakest concave glass which corrects, because young 
myopes see as well with stronger glasses, the excess of correc- 
tion being neutralized by accommodation. After having found 
the correcting glass, we may try the effect of moving it gradually 
away from the eye. If the patient continues to see well the glass 
is too strong. 

Hypermetropia is corrected by means of a convex glass, which 
brings the image of the distant object to the far point situated 



(1) Prom which part of the eye one should start to calculate ametropia is a 
disputed question; it seems to me that the simplest way is to calculate it. 
starUng from the summit of the cornea. Some have preferred to calculate it 
from one or other of the cardinal points of the optic system, but as these points 
have not the same position in all eyes, nor in all the meridians of the same eye, 
nor even for all parts of the same meridian, confusion would result 



ANOMALIES OF BEFBACTION 



99 



behind the eye. The focal distance of the glass being a little 
greater than the distance of the eye from the far point, the cor- 
recting glass is a little weaker than the hypermetropia. The 
hypermetrope can increase the strength of his glasses by moving 
them a little away from the eye. — ^The correcting glass is the' 
strongest convex glass which the patient tolerates without loss 
of visual acuity, but be can also see as well with weaker glasses 
by using his accommodation. 




Pig. 57. 



The retinal image of an object seen under a given angle is 
larger in the myopic eye and smaller in the hypermetropic eye 
than in an emmetropic eye, because the distance of the posterior 
nodal point from the retina is greater in the myopic eye, less m 
the hypermetropic eye. — But, this eflFect disappears when we 
correct the ametropic eye, by placing the correcting glass so that 
its optic center coincides with the anterior focus of the eye. 
Then the image is always the same size, whatever the ametropia 
may be. For, the rays AO and BO (fig. 57) pass through the 
lens without deviation and are parallel, after refraction by the 
same optic system of the eye, so that the size of the image is 
always the same, whatever may be the distance of the retina. — 
If we place the correcting glass in front of the antenor tocus, 
the retinal image of the myopic eye is smaller, that of the hyper- 
metropic eye larger, than the image of the emmetropic eye, 
which is easy to see by a construction analogous to that of fig. 
57. We first construct the image formed by the glass, and draw 
the rays passing through the extremities of this image and 
through the anterior focus. 
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Patients often say that the concave glasses diminish objects. 
This may be attributed to the fact that the glass is placed in 
front of the anterior focus, or simply to the fact that exterior 
objects, seen distinctly, appear smaller, because of the disap- 
pearance of the circles of diffusion. But the cause may also be 
that the glass is too strong ; for if the patient uses his accommo- 
dation the anterior focus approaches the eye and the image 
becomes smaller for this reason. 

44. Optometers. — ^The use of the test case lenses and of the 
visual acuity chart, placed at a distance, is always the best of the 
subjective methods. A very great number of optometers have 
been constructed, but none of them has succeeded in superseding 
the test case; they have this defect in common that they super- 
induce an effort of accommodation which makes the myopia 
appear too strong. The best are those which are operated at a 
great distance, like the optometer of Javal, but even these seem 
sometimes to give too strong degrees of myopia. The optometer 
of Jaz'ol is composed of two discs, nearly like the discs of the 
ophthalmoscope for refraction, but much larger : one of the discs 
has spherical lenses, the other cylindrical lenses; a special me- 
chanism permits the axis of all the cylindrical lenses to be ad- 
justed in the direction we desire. — Other optometers are founded 
on the use of a single convex lens; by displacing the object in 
relation to this lens, we can form the image of it at any distance 
whatever, and thus find the place where it appears distinct. Op- 
tometers of this kind have been constructed by Coccius, Bonders, 
Sous, and many others. The optometer of Graefe was a Galilean 
telescope; we know that myopes are obliged to shorten their 
opera glasses to see distinctly. By providing the opera glass 
with a scale it may, therefore, be used as an optometer. — So 
also may the telescope, the use of which was proposed by Hirscn- 
berg. 

Among all these optometers I shall mention specially only 
that of Badal, on account of its admirable principle. It is com- 
posed of a single convex lens, the focus of which coincides with 
the anterior nodal point of the eye. The position of the latter 
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is made secure by an eye-rest. A diminished copy of the chart 
of Snellen is placed on the other side of the lens^ movable for- 
wards and backwards. By displacing the object we can make 



T 




Fig. 58.— Principle of Badal. 

4 

the image appear anywhere, and it is easy to see (fig. 58) that 
the retinal image remains always the same size, no matter 
whether the object is at bb or at aa, etc. We can therefore 




Fig. 59. 



measure the visual acuity with this optometer. The same result 
is obtained by making the focus of the lens coincide with the 
anterior focus of the eye (fig. 59). 



45. Hyopia. — ^There exist two forms of axial myopia, one 
which depends on near work, and one which does not. (i) — 
Myopia from near work appears usually at an age ranging from 
6 to 15 years; it often stops at the age of 25 years. It attains 
medium degrees and does not seem to exceed the limit of 9 D. 
Complications^ except staphyloma, are rare. 



(1) Even eliminating these two forms of myopia, it is probable tnat there would 
still remain a certain number, due to a congenial disagreement between the optic 
system and the length of the axis of the eye, for it is not probable that all 
normal eyes are constructed so as to be exactly emmetropic- — But myopia between 
2 D. and 9 D. is so rare among uneducated persons, that this third form must 
comprise only light degrees. 
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Dangerous myopia is sometimes congenial and stationary; as 
a rule it develops in early infancy, and continues to increase 
during the whole life. At the age of 20 years it generally ex- 
ceeds 9 D. This form of myopia is to be considered as a malig- 
nant choroiditis^ and it is to it that dangerous complications of 
myopia belong; like most choroidal affections it seems to be a 
little more prevalent among women. 

In 1882 and 1883 I examined about 7,000 young Danish con- 
scripts, by determining their refraction by means of the upright 
image. The influence of near work is seen in the toHowing list : 

Myopes. 

(Students 32 per cent. 

Persons employed in offices and in trade.. 16 — 

Artists, etc 13 — 

Tailor, shoemakers, etc 12 — 

TT / "^0^^^™^° (hard labor) 5 per cent. 

\ Agriculturists (peasants) 2 — 

We see that the very great frequency of myopia in the edu- 
cated classes comprises only the lowest dq^ees. The very high 
degrees are rather more frequent in the illiterate (fig. 60). — 
Among the peasants I have even met more cases of myopia 
greater than 9 D. than of myopia between 2 D. and 9 D. 

It is, therefore, a great exaggeration to regard myopta from 
near work as a public calamity, as is done especially in Ciermany. 
One exaggeration leads to another. It was thought formerly 
that myopic eyes were stronger than others because they did 
not become presbyopic. After the discovery of the ophthalmo- 
scope very grave complications in cases of strong myopia were 
continually met with, and thus originated the idea expressed in 
the celebrated phrase of Bonders, "I do not hesitate to declare 
that every myopic eye is a diseased eye," a phrase which Cohn 
adopted as his motto in the first of the great compilations of 
statistics of school children ever made. Later, many others were 
made, but without important results. They show conclusively 
that myopia is more frequent and more pronounced in the higher 
classes of the schools; but as the pupils of these classes are 
older, and as the myopia is a condition that develops with age, 
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these statistics do not establish definitely the influence of near 
work. 

The distribution of the two forms of myoiMa in the two groups 
was the followii^: 

In aU. M70PM < 9 D. itjofea > D. 

I 8.836 407 (17 per cent.) 13 (0.56 per cent.) 

n 8,187 169 C 8 — ) 38 (0.73 — ; 
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Tig. 60.-~Dlatribntioit of Uw anomaliea of refnetfam uumg tbe Tonng 

populaHoB of Copeoltagen. 

Edneated. Unedneated. 



A satisfactory explanation of the mechanism by which near 
work produces myopia has not yet been given. Danders named 
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three factors : first, the inclined position of the head which pro- 
duces hyperemia of the globe with a tendency to distention; 
second, the fatigue of the eyes, which would be the result of 
prolonged reading, and which would also produce hyperemia; 
third, the compression which the external muscles would exercise 
on the eye, during convergence for a near point. — Arlt, who, by 
his autopsies, proved for the first time in 1854 that myopia is 
due to a lengthening of the globe, laid special stress on the action 
of the superior oblique while reading. The eye being directed 
downwards, this muscle may, indeed^ compress one of the veins 
and thus produce the development of hyperemia. Stilling tried 
to further develop this theory by finding the predisposition to 
myopia in a special form of the orbit (very low — Hypoconchia) 
which would give to the muscle a direction more likely to com- 
press the eye. 

In spite of the slight degree of accommodation which myopes 
need (i), the theory of the accommodative origin of myopia has, 
however, many believers, and I think th^ are right ; but as the 
mechanism of accommodation was scarcely known until recent 
times; it is not wonderful that the solution of the problem of 
myopia from near work was sought in vain. 

46. Selection of Spectacles. — ^Although myopia from near work 
is not to be considered as a true diseased condition of the eye, 
it always causes a disagreeable feeling which it is our duty to 
prevent as much as possible. Ais it is near work which produces 
myopia, young myopes must be made to work at as great a dis- 
tance as possible; and, on account of the probable influence of 



(1) It is possible that myopes often accommodate more than we think. In 
low degrees they frequently work within their far point, because by bringing the 
work near they can see more detail. As to high degrees, other circumstances 
may bring about a quite remarkable accommodation. This is why Javal said 
that a myopic eye may be focused at once for the extremities and the middle 
of a line of a book. If the myopia is 10 D., the length of the line is 10 cm.. 
and If the ends of the line are seen distinctly without accommodation, the 
patient to obliged to acoonunodate about two dioptries when reading the middle, 
uataM he keeps the book or his head in continuous moUon, or contents himseit 
with Mtlng dlffiiaely a part of the line. 
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accommodation, we must suppress the latter as much as possible, 
or annul it. — ^We are very frequently ccmsulted on the question 
of glasses by parents who are worried at seeing their children 
become myopes. — If the myopia is low, under three dioptries, we 
give correcting glasses for distant vision, and nothing for near 
vision, ( I ) recommending the patient to be careful as to the dis- 
tance of the book while reading. We place the normal distance 
for work at 33 centimeters. — If the myopia exceeds three 
dioptries we give for near vision correcting glasses diminished 
by 3 D. For example, if the myopia is 6 D. we give 3 D. for 
near vision. For distant vision we may give correcting glasses 
or a supplementary glass to superimpose on the spectacles. — But, 
in giving concave glasses for near vision we must forcibly im- 
press upon myopes the necessity of observing the minimum dis- 
tance of 33 centimeters when working; otherwise the glasses 
would be rather harmful by superinducing an effort of accommo- 
dation which might cause the myopia to increase. 

When the myopia exceeds 9 D., it becomes necessary to re- 
gard it as dangerous, and great care in the use of the eyes must 
be recommended. Generally it is preferable not to completely 
correct myopia, but only sufficiently so that the patient may not 
be too much annoyed in moving around. As the acuity is fre- 
quently diminished we can no longer insist on as great a distance 
for near work; thus we may give correcting glasses diminished 
by 4 to 5 D. for near work, which places the far point at 25 or 
20 centimeters respectively. — ^The patient must be advised never 
to work with his head lowered ; in the latter case where the dis- 
tance of the work is 20 cm. a desk must be used. — Patients fre- 
quently ask us for advice as to illumination. Nb artificial light, 
except an arc lamp, is hurtful to the eyes; the stronger it is the 
better, because artificial illiunination never attains the degree 
of illumination of a bright day; but it may be useful to protect 
the eyes with a shade. 



(1) [In the United States we prefer to let these mjoplo patients wear their 
glasses constantly, especially as these eyes are usually more or less astigmatic. 
The sucess of this method is proved by the careful investigations of Dr. 8. D. 
Risley. See his article on School Hygiene in the System of Diseases of the 
Bye by Norris and Oliver, Philadelphia, 1897.] — W. 
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WTicn the myopia is very high, spectacles are frequently of 
no semce, as the patients do not accept them. It is then neces- 
sary to restrict near work as much as possible. For distant 
vision a small telescope sometimes gives good service. In order 
to obviate the necessity of accommodation, patients should be 
advised to lengthen it as much as possible. 

47. Treatment of Hyopia. — Each of the two theories by which 
myopia from near work has been explained has given rise to 
a treatment of this defect. The theory of convergence led to the 
attempt to stay the progress of myopia by performing a tenotomy 
of the external rectus as soon as there was a slightly pronounced 
latent divergent strabismus (which was called insufiiciency of 
the internal recti — exophoria). Certain surgeons performed 
thousands of operations of this character: the result was very 
doubtful, and we may consider this operation as abandoned. 
The theory of accommodation led to treatment by atropine ; but, 
before speaking on this subject, I shall say a few words on the 
use of atropine for the determination of refraction, a method 
which is still very much in vogue in some countries. 

De Weaker held decided views on the abuse oT atropine in 
ophthalmic practice, and, as far as its use for the determination 
of refraction is concerned, I am in perfect agreement with him. 
— 'Vft know that young hypermetropes are accustomed to correct 
part of their hypermetropia by using their accommodation, and 
that they cannot relax this accommodation without becoming 
trained to it by means of convex glasses, at least as long as they 
fix a specified object. To make all the hypermetropia manifest 
we must instill atropine in order to paralyze the accommodation. 
It is this perfectly correct observation which gave rise to the 
idea that generally a better determination of refraction would 
be obtained by using atropine, and which resulted in the ciliary 
muscle being held responsible every time a difference of re- 
fraction before and after the instillation of atropine was found. 
By putting atropine in the emmetropic eye we often find a light 
d^^ee of hypermetropia, which Bonders was wont to explain by 
assuming a "tonus of the ciliary muscle." Frequently also we 
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see myopia diminish slightly under the influence of atropine, and 
this diminution has been attributed to the existence of a "spasm 
of accommodation," which would disappear as soon as the ac- 
commodative muscle would be paralyzed. 

These errors originated in the belief that refraction must 
necessarily be the same in the whole pupillary space. It is 
nothing of the kind : there nearly always exist differences which 
are frequently very considerable. Thus there is in my eye a 
relatively great difference, nearly 4 D., between the upper border 
and the lower border of the pupil (see page 173). — When we 
instil atropine, the pupil is dilated and the basilar positfon- ot 
the cornea, which is much flattened, comes into play. As the 
flattening of these parts is often considerable enough to over- 
correct the spherical aberration, we find that the refraction 
of these peripheral parts is generally less than that of the central 
parts. A quite slight dilation of the pupil suffices in order that 
the area of these parts, which, in ordinary conditions, are ex- 
cluded, may be greater than that of the ordinary pupil; it is 
this fact which makes us judge specially by them in the deter- 
mination of refraction. If the peripheral flattening of the 
cornea is less, or if the extent of the optic part exceeds the 
ordinary limits, which sometimes happens, we may, thanks to 
the spherical aberration, obtain an increase of refraction by 
instilling atropine. Such cases have been observed among others 
by Javal; they were very difficult to explain with the ideas which 
have been held on the subject up to the present, smce it could 
not be supposed that the use of atropine could cause a spasm 
of the accommodation. We observe like phenomena with photo- 
graphic objectives the aberration of which is not well corrected ; 
the focus changes on changing the aperture of the diaphragm. — 
Except in cases of latent hypermetropia, we obtain, therefore, 
generally a better idea of ocular refraction by the ordinary ex- 
amination without atropine. 

Atropine treatment has been used in cases of progressive 
myopia; the ciliary muscle would be kept paralyzed for 15 days 
or a month, in order to arrest the progress of the myopia, the 
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spedsl purpose being to counteract the spasm of accommodatfon, 
which was supposed to be the cause of the prc^ess of the 
myopia. This treatment does not seem to have been effective. — 
In cases where the eyes are exposed to great danger, for ex- 
ample in detachment of the retina, it may, however^ be useful 
to procure for them complete rest by instilling atropine and for- 
bidding work altogether for some time. 

Some years ago^ on the advice of Fukala, the profession b^;an 
to treat high degrees of myopia by removing the crystalline 
lens, generally by a discission followed by extraction. This 
treatment, which Bonders pronounced criminal at a time when 
surgical operations were more dangerous than now, often seems 
to give very good results, not only because those operated on be- 
come emmetropic or nearly so after the operation, but also be- 
cause they gain considerably in visual acuity for distance. We 
have alres^dy seen that the size of the retinal image of the myopic 
eye, corrected by a glass placed at the anterior focus, fs equal to 
the image of the emmetropic eye. Now, in the emmetropic eye 
the retina is situated about i6 millimeters behind the posterior 
nodal point ; in a myopic eye, which has become emmetropic by 
the extraction of the crystalline lens, the retina is situated at the 
posterior focus of the cornea or about 24 millimeters from the 
nodal point. As the size of the image depends only on this 
distance, we see that the linear enlargement of the image by the 
operation is about a half. Often it gains still more because the 
correcting glass is placed not at the anterior focus but a little 
in front, which has the effect of diminishing the image. The 
loss of accommodation, which is, indeed, of very little use to 
myopes of a high degree, cannot counterbalance these advan- 
tages; nevertheless there is reason for prudence in recommend- 
ing this operation, for it is not without danger. When making 
the discission (followed by paracentesis) we may fear glauco- 
matous complications or iridocylitis as a consequence of a too 
great swelling of the crystalline lens. If extraction is performed 
an accidental loss of the vitreous body may sooner or later pro- 
duce a detachment of the retina. 
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48. Hypermetropia. — ^The hypermetropic eye is too short. The 
retina being too near the optic system, the hypermetrope cannot, 
without an effort of acconmiodation, reunite on the retina parallel 
or diverging rays. When the hypermetropia is high, the ampli- 
tude of accommodation diminishing with age, there comes a 
time when the patient can no longer correct his hypermetropia 
by accommodation {absolute hypermetropia), — ^The degree ot' 
h3rpermetropia is expressed by the strongest convex glasses with 
which the patient can distinguish distant objects distinctly. To 
disclose all the h3rpermetropia, it is often necessary to paralyze 
the ciliary muscle by means of atropine, because the patient has 
formed the habit of accommodating as soon as he fixes an object, 
and he cannot suddenly rid himsdf of this habit even when we 
put before his eye a convex glass which should eliminate any 
necessity of accommodation. — ^That part of hypermetropia which 
we cannot make manifest by the ordinary examination is called 
latent hypermetropia (Donders); it diminishes with age, and it 
need not be regarded as a very definite quantity. We can often, 
by working a little with the patient, make hinf accept stronger 
and stronger glasses. In the dark room where the patient does 
not fix, h3rpermetropia frequently becomes manifest in its entirety 
which permits it to be determined with the refraction ophthal- 
moscope or by skiascopy. 

Accommodative Asthenopia. — The hypermetrope, being 
obliged to use part of his accommodation to neutralize his defect 
of refraction, generally becomes fatigued more quickly than the 
emmetrope by near work. The essential symptom of this accom- 
modative asthenopia is that, while reading, the letters become 
blurred. When this symptom appears, the patient reads with 
ease for some time ; then the letters begin to become indistinct, 
so that he is forced to rest a while. If he begins again he gets 
along well for a shorter time than before, after which the same 
phenomenon is reproduced. If the patient still continues there 
supervene fatigue, orbital pains, etc.; but these phenomena are 
secondary, and we must not, from their appearance, decide on 
hypermetropia as the cause in the absence of the essential 
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symptom, viz., the indistinctness of the letters after reading 
for swne time. We need no longer attribtue the complaints of 
patients to a low degree of hypermetropia. Low d^^ees of 
hypcrmetropia manifest themselves, as a rule, only by the pre- 
mature appearance of presbyopia. We may easily correct a 
low degree of hypermetropia, even in young people, but we 
must not expect to obtain great results. The complaints of the 
patients have generally other causes. 

Boehm, Stellwag and others recommended the use of convex 
{passes in cases of accommodative asthenopia, but to Donders 
belongs the credit of having brought them into general use. His 
labors, indeed, contributed greatly to dispel the fear which 
earlier oculists had of strong convex glasses. They considered 
asthenopia as the forerunner of amblyopia, and believed that the 
giving of convex glasses was conducive to the development of 
the latter. 

Hjrpermetropes generally prefer a great distance tor work 
in order not to fatigue their acconmiodation. But, when the 
hypermetropia is very high, which demands an effort of accom- 
modation much too fatiguing, we see patients choose a very 
short distance, moving the book to within a few centimeters 
from the eyes. They see better, thanks to the considerable en- 
largement of the retinal images. It is true that they are blurred ; 
but, on bringing the object nearer, the circles of diffusion in- 
crease less quickly than the images, and moreover, the patients 
can diminish them by winking their eyelids. 

The rule of Donders for the selection of spectacles was to 
correct the manifest hypermetropia plus one-fourth of the latent, 
that is to say, to give, for young people, convex glasses a little 
stronger than those which they accept for distant vision. I 
consider this rule a wise one; others correct all the hyper- 
metropia. Generally the patients are dissatisfied at the begin- 
ning, before becoming accustomed to the spectacles ; the glasses 
annoy them, and it is advisable to forewarn them that they will 
do so for some time. This annoyance is greater the stronger 
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the glasses^ which is one reason for not correcting all the hyper- 
metropia. Another reason is that patients are much more an- 
noyed when^ for one reason or another^ th^ cannot wear the 
glasses^ since they have lost the habit of overcoming their hyper- 
metropia by accommodation. 

If the hypermetropia is low or medium (i to 3 D.) there is 
no reason for giving glasses for distant vision^ at least to young 
people who easily correct their hypermetropia by accommo- 
dating; we may leave them free in this regard. If the hyper- 
metropia is high or if there is a tendency to strabismus, the 
glasses must be worn constantly, (i) 

48. Aphakia. — It is very rare to find true hypermetropia 
which exceeds 7 D. (see fig. 60). The higher degrees are met 
with only in aphakia (absence of the crystalline lens). 

The degree of hypermetropia of the aphakic eye can be calcu- 
lated by means of the formula ii + I* =1. With the values 
of the simplified eye we have Fj=24, F2=32, /2=24.7, which 
gives /j=8i.2. The far point is therefore situated at 81.2 
mm. behind the cornea; the eye will be corrected by a convex 
glass of 96 millimeters=i04 D., placed at 15 millimeters in 
front of the cornea. We find, in fact, that nearly all the em- 
metropes operated on for cataract are corrected with a glass 
of from 10 to II dioptrics. 

But it would be an error to apply this number to the ametro- 
pias, and to think that we coqld always find the post-operation 
refraction by diminishing the ante-operation refraction by 11 D. 
To find the correcting glass for ametropias we must calculate 



(1) [In this country our reasoning upon this point Is quite different. As 
people with hypermetropia. higher than 8 D., accommodate with great dlfflculty. 
they do not keep it up very long at a time or sometimes avoid to correct accom- 
modation by reading very near with diffuse but enlarged images ah has been so 
well explained by the author. They thus frequently rest their eyes more than 
the persons with lower degrees of H. who use their accommodation more con- 
stantly and on that account show more asthenopia. At any rate the constant 
correction of the lower degrees of hypermetropia has relieved many cases of 
obstinate asthenopia.] — W. 
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it in the same way as for emmetropes. It is thus that Dr. 
Stadfeldt has calculated the following little table: 



Before 
operation 


H. 7 


H.6 


H. 8 


H. I 


E 


M. 1 


M. 8 


M. 6 


M. 7 


After 
operation 


H. 16 


H.13.8 


H.12.6 


H.11.3 


H.10.6 


H.10.1 


H.8.9. 


H. 7.8 


H. 6.6 


Befor^ 
^'*^on 

1 


• M. 9 


M. 11 


M. 18 


M. 15 


M. 17 


M. 19 


M. 21 


M. 23 


M. 25 


After 
operation 


*■ H.5-5 


H.4.4 


H 8.4 


H. 2.3 


H. 1.3 


H. 0.2 


M. 0.8 


M. 1.8 


M. 2,7 



Comparing this table with the following table which has been 
made up from a series of results from operations published by 
Pflueger, we see that the agreement is sufficiently satisfactory. 

Before oper. MIO Mil M12 M 13 M 14 M 15 M16 M 18 M22 
After — H 5 H5.5 H3.5 H3.5 H3.5 H 1 H2.5 M 2 M 2 

Dimmer has directed attention to a slight source of error in 
the ordinary examination of aphakics. The lenses of our test 
cases are biconvex, while those which the optician makes for 
patients are generally sphero-cylindrical, the cylindrical surface 
being turned towards the eye. Now, the optic center of biconvex 
lenses is situated at the middle of the lens, while that of plano- 
convex glasses is situated at the apex of the convex surface. 
It follows that the spherical effect of the sphero-cylindrical glass 
is a little greater than that of the biconvex glass, having the 
same focal distance, the posterior focus being situated a little 
nearer the glass in the former case. The error may reach a 
half dioptry. For some time test cases have been manufactured 
in Austria in which the strong convex glasses are plain on 
one side. 

Ostwalt has laid stress on the influence which the distance ot 
the glass from the eye exerts on the power of sphero-cylindrical 
glasses. Supposing, for example, that an eye is corrected by 
+ 11 D. with +3 D. cyl, placed at 15 millimeters in front ot 
the eye. Such a glass has, in one of the principal meridians, a 



ANOMALIES OF BEFBACTION 113 

focal distance of 91 millimeters, in the other of 71 millimeters. 
The far point of the eye is thus found in one of the meridians 
at 91 mm. — 15 mm.=76 mm. (13.1 D.), in the other at 71 mm. 
— 15 mm.=56 mm. (17.9 D.). Its astigmatism is, therefore, 
really 4.8 D. and not 3 D. As far as the subjective examina- 
tion is concerned this difference plays no part, since the passes 
with which we examine our patients are at the same distance 
from the eye as those which the patient will wear, but it is not 
so with the ophthalmometer^ which tells the true astigmatism 
of the eye; we must recollect, therefore, that in this case the 
number furnished by the ophthalmometer is higher than that 
which suits the patient. — ^In the case of simple cylindrical glasses 
the same influence makes itself felt, but to a much less extent; 
a convex cylinder of 6 D. thus corresponds with a true astigma- 
tism of 6.5 D., a concave cylinder of 6 D. with 5.5 D. 
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Berlin, 1845.— Arlt (F.). Die Krdnlcheiten dee Auges, I-m. Prag., 1851. 
— Stellwag T. Garion. Die Ophthalmologic vom naturwissensehaftlichen 
Standpunkte atu, I-II. Erlangen, 1853. — Tseheming (M.). Studien uber 
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CHAPTER VII 

SPHERICAL ABERRATION 

80. Optio Prinoiplet. — When the aperture of a spherical lens 
is not very small, the rays proceeding from a point of the object 
do not, after refraction, reunite exactly at a point, as would be 
essential to form a good image ; the borders of the lens are more 
refracting than the center. Thus the test case lens, the center 
of which has a refraction of 20 D., refracts 25 D. towards the 
borders. Generally speaking, the same is true of all refracting 
and reflecting systems (fig. 61). It is possible, nevertheless, to 




Fig. 61. — ^Refraction of a pencil of parallel rays by a spherical surface. 
Spherical aberration. At A, the rays are condensed towards the 
border; at B, towards the axis of the pencil; p, q, two needles. 

construct systems of large aperture, which present only very 
little aberration (aplanatic lenses), and others in which the 
aberration is over-corrected, the borders being less refracting 
than the center (lenHlles suraplcmitisees) , 
/" The degree of aberration increases as the square of the aper- 
\ture of the lens and as the cube of its refracting power. It de- 
pends, besides, on the distance of the object and the form of the 
lens. A plano-convex lens presents less aberration than a bi- 
convex lens, if the spherical side is turned towards the incident 
rays supposed to be parallel; it presents more in the contrary 

direction. It is for this reason that the objectives of opera 
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glasses are bulged in front. The best form of simple lens is 
that which the English call crossed lens (periscopic), in which 
the radius of the posterior surface is about six times greater 
than that of the anterior surface. We give here the refracting 
power, at 15 millimeters from the axis, of diflferent lenses, all 
having at the middle a refraction of 20 D. The incident rays are 
supposed to be parallel. 

Crossed lens. Plano-conTez with the Bi-eonvez. Plano-eonTez with the 
conyez surface in front. plane surface in front. 

21.1 D. 22.3 D. 23.6 D. 23.8 D. 

It is evident that, the weaker the aberration of the lens, the 
more aperture can be given to it without the aberration inter- 
fering with the distinctness of the image. The crossed lens is 
little used, because the plano-convex lens is nearly as good. 
Besides, for the correction of chromatic aberration, compound 
lenses are usually employed (a flint lens and a crown lens 
cemented together). Both glasses can then be cut in such a 
way as to neutralize the spherical aberration also, until the total 
aberration becomes almost nothing for a given distance of the 
object. 

51. Phenomena Dependent on tiie Spherical Aberration of Lenses. 

— I am going to explain some experiments by which the spherical 
aberration of lenses may be studied. In order to have very 
marked phenomena we must use a strong lens, 20 D. (convex) 
of the test-case, for example, or, better still, a strong plano- 
convex lens (the objective of an opera glass), the plane side 
of which is turned towards the luminous source, placed at a 
great distance. 

a. Application of the Principle of Scheiner. — We place 
on the lens an opaque screen in which we have previously made, 
not two apertures as in the experiment of Scheiner, but four, 
which are equidistant, placed on the horizontal diameter of the 
lens, two central ones, 2 and 3, and two peripheral, i and 4 
(fig. 62). The object being a distant luminous source, we re- 
ceive the images on a white screen placed behind the lens. 
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First, flMJag the latter beyond the focus, we see (fig. 62 A) 
four luminous spots which correspond to the apertures of the 
screen, but which are placed in reverse order. The distance be- 




! i\ 

Vlg. 6S. — ^iberie&l aberratioii of a lena. 

tween the central spots is less than that which separates each 
of the peripheral spots from the neighboring spot. The two 
central spots reproduce the form of the source enlat^d, while 
the two peripheral spots are elongated in the horizontal direction, 
especially if the aberration is strong. The pencils passing 
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through the peripheral openings are, indeed, astigmatic by inci- 
dence (see ch. IX!). By moving the screen nearer, the two 
central spots are blended into one (fig. 62 B). At this moment 
the screen is at the focus of the central part of the lens, while 
it is still beyond the focus of the peripheral parts. Advancing 
the screen still more, the spots i and 4 approach and are blended 
(fig. 62 E^ focus of the peripheral part), while spots 2 and 3 
are again separated. Finally we have four spots, as at the begin- 
ning of the experiment; but they are now arranged in the same 
order as the apertures; the distances separating the two spots 
on each side are less than the distance between the central spots. 
We observe also that the peripheral spots are now elongated in 
the vertical direction. — If the lens is very large we can observe 
all the different phases shown on fig. 62. 

To determine the degree of aberration, we have only to 
measure the distances of the positions E ( focus of the peripheral 
parts) and B (focus of the central part) from the screen. The 
difference between these two distances, expressed in dioptries, 
tells the degree of aberration. To have more accurate measure- 
ments it is advisable to cover, each time, the two apertures we 
are not using; for the determination of E, we cover the central 
aperture, for that of B the peripheral apertures.— We can also 
cover the two apertures situated on the same side and determine 
the focal distance on the other side (the position F, fig. 62), 
but it is not necessary in order to determine the course of the 
rays: we can, indeed, construct figure 62 by knowing the posi- 
tions B and E only. 

b. Examination of the Circles of Diffusion. — Examining 
the circle of diffusion, without putting the screen with the 
openings on the lens, we see that as long as the white screen 
is situated beyond the focus, the light is concentrated at the 
middle of the circle; the brightness diminishes rapidly towards 
the borders. When it is situated within the focus, we see, on 
the contrary, a luminous disc surrounded by a more brilliant 
circle. This phenomenon is easy to understand : we see, in fact, 
in figure 62, that the rays are condensed towards the border. 
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between the lens and the focus, while they are concentrated 
iround the axis beyond the focus. 

c. Deformity of the Shadows. — Put the white screen beyond 
the focus, and place a knittii^ needle against the lens. We then 
see the shadow of the needle in the circle of diffusion and ob- 
serve that this shadow is straight only if the needle coincides 




Tig. 63. — DefonnatiDU of the ahadowa of the needlea. Successive geetioiu 
of the pencil of Sgore 61. Section I is anpposed to be made at C 
(flg. 61), eeetioD II at A, section III at B, the two latter enlarged; 
ab, a needle; a' b' and a' it', ita ahadowa. 



with a diameter of the lens ; otherwise it is curved, with its con- 
vexity towards the center. If the screen is between the focus 
and the lens, the shadow is concave towards the middle, but the 
curvature is much less pronounced. 

To understand these deformities let us suppose the lens divided 
into concentric zones of the same width. A glance at figure 62 
shows that after refraction the corresponding zones of the circle 
of diffusion diminish in width towards the periphery, when the 
screen is situated between the focus and the lens, while they 
increase in width towards the periphery beyond the focus, in 
figure 63, I shows the lens seen from the front and divided into 
concentric circles; the two straight lines represent two needles. 
In figure 63, II represents a circle of diffusion between the lens 
and the focus. We see that the zones become narrower towards 
the edge, and we understand that the point n* is relatively nearer 
the center than the point I/, which gives the shadow its curved 
form. Knowing the position of the concentric circles of the 
diffusion spots, it is easy to construct the form of the shadow. 
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since the shadow of a point of the needle must be at the same 
angular distance from the horizontal diameter as the point itself. 
In figure 63, III represents a circle of diffusion beyond the focus. 

An over-corrected lens gives all the phenomena here men- 
tioned, but in the reverse order, while a corrected lens (aplanaHc) 
gives none of them. The circles of diffusion of an aplanatic 
lens have the same brightness in their whole extent, and the 
shadow of the needle remains straight everywhere. To give a 
good image a lens must be approximately aplanatic. The pre- 
ceding experiments can be used as a verification of the aplanatism 
of a lens. 

d. Application of the Principle of Foucault. — We obtain 
very pretty phenomena by using the method by which Foucault 
studied his telescopes. We place a luminous point a little beyond 
the focus of the lens which we wish to study, so that its image 
is quite distant (2 to 3 meters). The observer takes his place 
beyond this image, so that his eye is in the luminous pencil on 
the axis of the lens, which he approaches gradually. Under 
these circumstances the eye sees luminous the parts of the lens 
which send rays to it. If the lens were aplanatic, all the rays 
would meet at the focus, and, reaching this point, the observer 
ought to see the entire lens luminous. At some distance from 
the focus, he would see, on the contrary, only a small central 
part luminous, the other rays not entering his eye. If the lens 
is affected with spherical aberration, we observe the following 
phenomena : placed very far off we see only a quite small central 
spot, which increases in diameter accordingly as we approach 
the focus where it attains its maximum; but even here it is far 
from filling the entire lens. Approaching still nearer we see a 
luminous ring become detached and separated from the central 
part by a dark zone. This ring dilates more and more accord- 
ingly as we approach the lens, while the dark zone becomes en- 
larged. On reaching a certain point, the ring extends to the 
borders of the lens and disappears. The phenomena are still 
clearer if we look through a narrow diaphragm. — It is easy to 
account for the nature of these phenomena by glancing at figures 
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6i and 62. Thus, if we suppose the pupil of the observer re- 
duced to a point and placed at the intersection E^ fig. 62, it 
would receive rays i and 4, and the borders of the lens would 
appear luminous, while the parts 2 and 3 would be black, the 
corresponding rays passing to one side of the pupil. There will 
always be a small, luminous spot at the middle, since the axial 
ray always enters the eye. The distance, in dioptries, between 
the place where the ring appears and that where it disappears, 
tells the amount of the aberration. — If the aberration is over- 
corrected we have the same phenomena in the reverse order: 
placed at the focus, we must move away in order to see the ring; 
the further away we move the more it increases, until finally it 
disappears. 

52. Aberration of tiie Hnman Eye. Ezperiments of Volkmaiui. 

— This scientist examined the aberration of the eye by repeating 

the experiment o f 
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dicated in figure 64, C. 
Looking at a pin placed 
beyond the far point 
through these open- 
ings, it . is seen quad- 
c ;•, rupled (fig. 64, A, a) ; 

Pig. W.— Experiment of VoXkmann.^<i, corre- ^^ ^Y mwing closer 

spends to the most distant position; e, to the to it he observed the 

nearest position of the needle. A, phenomena different phases illus- 

observed by an eye with strong spherical ^ ^ a ' a c. a 

aberration; B, by an eye with over-correctea ^^^^^^ *° ngure 04, A, 

aberration. in the order in which 

they are shown in the figure, and which corresponds to the spher- 
ical aberration. It is easy to account for this phenomenon by 
comparing figure 64 with figure 62. In the position h, the pin 
is at the for point of the central parts of the pupil, since the two 
central images are reunited; it is still beyond the focus of the 
peripheral parts since the peripheral images are not yet blended. 
Most of the time^ the persons examined observe the same phe- 
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nomena in the same order, but some see them in the reverse 
order (fig. 64, B), which indicates over-corrected aberration. In 
the position d (fig. 64, B) the pin is at the far point of the 
central parts and within the far point of the peripheral parts. — 
It is probable that these latter persons used their accommodation, 
for it is quite rare to find over-corrected aberration in an eye 
in a state of repose; I have, however, met instances, especially 
among persons having a large pupil. On the contrary, during 
accommodation, it is the rule that the aberration is over-corrected, 
as we shall see later on. 

63. Ezperimenti of Thomas Yonng. — Long before Volkmann's 
time. Young had already performed a series of experiments much 
more conclusive, but which had been forgotten. 

fl. A myopic eye sees a distant luminous point as a circle of 
diffusion, the brightness of which is concentrated at the middle, 
if the eye has spherical aberration (fig. 65, I). If the aberra- 
tion is over-corrected, or if the luminous point is inside the far 
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Fig. 6S. — Distribution of the light of the circle of diffaaion in an eje with 
strouK sti«rratioD (Antonelli). In I the luminous point is beyond; 
in II within the focus. 



point, it is the borders that are the more luminous; an aplanatic 
eye, or one nearly so, sees the circle of a uniform brightness. To 
repeat the experiment, when one is not myopic, one places in 
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(twit of the eye a convex lens of 3 to 4 dioptrics. Many eyes, 
the op^ic syslem of which is irregular, perceive eccentric con- 
ccotnlioas of the light ; I shall return to this immediately. ( i ) 

b. Bringing a needle in front of the 

eye, made myopic, while the experiment 
a is being performed, we see the shadow 
of the needle in the circle of diffusion. 
If the shadow remains straight every- 
where, there is no perceptible aberration ; 
if it is curved, its concavity toward.s the 
periphery indicates ordinary aberration; 
its concavity towards the center indicates 




Fig. 66, — The abcrroscopc. Fig. 67, — Tho rules of the optometer of Young. 



over-corrected aberration. We can perform the experiment in 
the different meridians and thus prove that the aberration is 
not always the same in the different directions. 

I have constructed a little instrument, the abcrroseope (fig, 
66), consisting of a plano-convex lens which, on its plain side, 

(1) Ycratig does not mention tbp nperlnipnt under this form, but It l> > 
Mqiumce of ntliBr eiparlmenta wblch ha deacrlbss. For the Biperlmsnt b, b« 
DMd Uia ban taparatlac the tour illti of his optameter. 
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carries a micrometer in the form of little squares. We look at a 
distant luminous point through the lens, moving it lo or 20 
centimeters from the eye in order to observe whether the lines 
then appear curved or not. 



i 



I n lu 

Fig. 68. — ^I and II. The appearance assumed by the line of the optometer 
of Young, seen through four slits by one eye with strong spherical 
aberration. O, position of the eye; a (a') far paint of the peripheral 
parts; b (&') far point of the central parts. 

III. The appearance of the line, seen in the same circumstances 
by one eye (left) with marked obliquity. The external part of the 
pupillary space is more refracting than the internal part. 



c. The Optometer of Young enables us to measure spherical 
aberration directly. In the horizontal rule (fig. 67), on the left, 
are two slits, very narrow and very close. We look at the line 
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ihmiiiih these slits and determine the central refraction by ob- 
M^rvinit the intersection of the two apparent lines, as I have ex- 
l^nined in chapter V. Care must be taken to place the slits so 
thut both the lines appear of the same distinctness, which takes 
pluce when the slits are almost at the middle of the pupil. This 
tlone, we bring the quadrangular aperture in front of the lens, 
and gradually lower the vertical rule which has the triangular 
plate, no as to exclude a continually increasing part of the middle 
of pupil. We then see two intersecting lines which separate more 
and more, until one of them disappears at the moment when the 
width of the plate is equal to the diameter of the pupil. We then 
raiiie the rule a little, so as to again see two lines, and measure 
thf refraction. The difference between this measurement and 
that made with the two slits placed at the center indicates the 
dfgree of aberration. 

Young made two measurements at once by using four slits 
of the horizontal rule. The experiment thus performed is much 
more elegant and stire, but it is often difficult to succeed, es- 
|)ecially if the pupil is not dilated. It is easier to succeed if the 
•lita are brought together in pairs, leaving a central interval a 
little greater than that between the pairs. — ^With the four slits 
we see four lines (fig. 68, 1) ; if there is spherical aberration the 
two central lines intersect farther away (at b) than the peripheral 
lines (fl). Very frequently the lines partly blend, so as to give 
the appearance shown in figure 68, II. Figure 68, III, shows the 
appearance which the line assumes to an unsymmetrical eye 
(left), the external part of the pupil being more refracting than 
the internal. 

We can also measure with the two slits the refraction at the 
middle of the pupil, as we did just before, and then displace the 
slits successively towards either border until one of the lines 
begins to disappear. We thus determine the refraction near the 
two borders. This experiment, by which we determine the posi- 
tion of the point c, figure 68, I, is analogous to that described 



SPHERICAL ABBBBATION 125 

on page ii8, in which we covered the two apertures situated on 
the same side of the lens to measure the refraction on the other 
side. The measurements made with the slits placed peripherally 
generally differ more from those obtained with the central slits 
than do the measurements made with the triangular plate, which 
is so also in the case of the lens. 

Skiascopic Examination. — ^While the methods which we 
have just mentioned are quite delicate^ skiascopy furnishes us 
with a convenient means of examining the aberration of the 
human eye. For this purpose it is necessary to use skiascopy 
with a luminous point, a method which has been with good cause 
recommended by Jackson, and which is nothing more than an 
application of the principle of Foucault. We observe the pupil, 
while we form a distinct image of a luminous point on the 
retina. We surround a flame with an opaque tube pierced with 
an opening of one centimeter diameter; it is the image of this 
opening that we project on the retina with an ophthalmoscope, 
and care must be taken in selecting the mirror so that this image 
may be distinct; in other words, so that the image of the open- 
ing formed by the mirror is near the place for which the observed 
eye is focused. If the observed person is emmetropic, we place 
the light at 50 centimeters or one meter behind him, and examine 
with a plane mirror. If he is myopic, we use, on the contrary, 
a concave mirror which projects the image of the luminous point 
near his far point. In all cases it is advisable that the opening 
of the mirror be quite small, about 2 mm. The pupil of the ob- 
served person must be dilated. 

To examine the aberration, we make the observed person 
emmetropic, and, placing ourselves at 50 centimeters distance, 
we project a light on the eye. Generally we will see at once the 
phenomena of aberration : the borders of the pupil are luminous, 
separated from the central light by a dark zone. We approach 
until the ring disappears; if this takes place at 25 centimeters 
from the observed person, the aberration is positive and 4 D. 
If we do not perceive the ring, we move back as far as one meter ; 
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if it does not yet appear, we try whether the aberration is over- 
corrected : we make the observed person myopic 3 D. ; if the ring 
appears, we increase the myopia until it disappears. If it dis- 
appears with myopia of 4 D., the aberration is — 2 D., since we 
must take off 2 D., the observer being at 50 centimeters, Brud- 
zewski, who determined the aberration of a certain number of 
persons in this way, said that it is rare not to meet with positive 
aberration in some part of the pupil. It happens, indeed, quite 
often that the ring is incomplete, or even that there remains 
only a very small section of it. Negative aberration is met with 
most frequently inwards or upwards in the pupil where the 
corneal flattening begins soonest. 

Results. — Examined with the aberroscope most people indi- 
cate a certain degree of aberration, which corresponds closely 
to the nearly spherical (toric) form of the optic part of the 




Fig. G9- — Deformity of the shadowB in an eje with atrong spherical aber- 
I (Anlonplli). I, in a state of repose; II, during aceommeda- 
tioD. In the tatter case the aberration is nearl; corrected. 

cornea {fig. 69). — Since the peripheral parts of a spherical 
surface are too refracting, we can correct the defect by flattening 
it towards the periphery. We also sometimes find people whose 
aberration is corrected, or even over-corrected, towards the 
borders, where the basilar part of the cornea comes into play 
(fig. 70). And, if the pupil is placed a little eccentrically, we 
may thus find aberration in one direction and over-corrected 
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aberration in another (fig. 71). Thus the middle of my pupil is 
slightly myopic and the upper part slightly hypermetropic, while 
the lower marginal part measures a myopia of three dioptrics, 
which may even reach four dioptrics when the pupil is dilated. 
I have, therefore, spherical aberration below (and on both sides), 
over-corrected aberration above. — One of my friends, who is an 
astronomer, has aberration in the vertical meridian, while the 
horizontal meridian is corrected. 

Some are met with who have slightly over-corrected aberration 
in the entire pupillary space (fig. 72). These are probably 
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persons in whom the spherical part of the cornea is of little 
extent. — The ophlhalmomelric measurements of Brudsewski, 
which I have meniioned. page 72, enable us to calculate directly 
the degree of the aberration of the cornea. They show that there 
exist, in this regard, considerable variations. Corneal aberration 
is. as a rule, positive, negative aberration being rather an ex- 
ception. Positive aberration is especially pronounced in cases 
of corneas of great curvature which is not surprising, since the 
aberration increases in very close proportion to the central re- 
fraction. Negative aberration is met with most frequently on 
the inner side, sometimes above or below, very rarely outside. 
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The greatest d^^ee of aberration which Brudzewski found was 
4- 4.5 (temporal side), the least — ^2.2 D. (nasal side). Gen- 
erally it varied between +3 ^uid — 1.5. The numbers are cal- 
culated for a distance of 4 mm., starting from the axis; they 
correspond, therefore, to a maximum dilation of the pupil; the 
values diminish as we approach the axis. 

Stadfeldt measured the aberration of the dead crystalline lens 
by the method of Foucault. When the crystalline lens was taken 

B from the eye, in its capsule 

and with the zonula, he 
fixed it in a cork ring 
which he then placed in a 
small tube filled with serum 
and closed in front and be- 
hind by plane parallel 
plates of glass. He placed 
this tube on the support A 
(fig. 72a), which moved 
along the graduated rule 
E D. The lens C concen- 

Fig. 72a.Stadfeldt^8 instrument for meas- trated the light of a flame 
uring the aberration of the crystalline on a very fine opening 
lens (dead). pierced in the screen B D. 

The crystalline lens was observed with a telescope, placed at 
some distance in the direction K ; an ocular micrometer permitted 
the measurement of the diameter of the aberration ring, cor- 
responding to a given distance between A and the plate B D. — 
The determination of the focal distance of the central part is 
less exact by this method. To have a more exact measurement, 
Stadfeldt removed the plate B D, and placed a microscope of 
slight magnifying power in the tube K. He then sighted towards 
an object placed at a grest distance. By displacing the cursor 
A, leaving the microscope motionless, he put the latter in focus, 
first for the image of the distant object formed by the crystal- 
line lens, and then for the posterior surface of the crystalline 
lens itself. The difference between the two positions of the 
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cursor A enabled him to calculate the focal distance of the 
crystalline lens. 

By these methods Stadfeldt proved that a central part of the 
crystalline lens (up to a distance of 2 mm. from the axis) may 
be considered as aplanatic. This part is surrounded with a zone 
(up to 3.5 mm. from the axis) ; the aberration of which is over- 
corrected (about 2D.). Very close to the borders the aberra- 
tion changes sign and becomes positive. The over-correction is 
due to the diminution of the index towards the periphery, but 
very close to the borders the increase of curvature of the surface 
is so great that the diminution of the index is not sufficient to 
correct the aberration. 

Although aberration may sometimes be very pronounced, it 
does not seem to hurt the visual acuity much as long as it con- 
tinues entirely regular, a remark which Graefe made on the oc- 
casion of his celebrated case of aniridia. The reason is that 
patients do not use the part of the cone of which the diameter 
is smallest, but another part near B, figure 61. Placing a screen 
at this place, the image of a point is presented as a point sur- 
rounded with a slightly luminous halo; if the brightness of the 
object is feeble, as is most frequently the case in the ordinary 
circumstances of life, this halo is too slight to be perceived, and 
the image becomes quite good. — We see (fig. 61) that a section 
of the caustic (the most luminous part of the cone) has the 
form of the head of an arrow. The point of the arrow is di- 
rected backwards in eyes with ordinary aberration and forwards 
in those with over-corrected aberration; it corresponds to the 
focus of the central rays, and it is this point which serves for 
vision ; but, as it is very pointed, it follows that the determina- 
tion of the refraction cannot be of very great exactness. The 
spherical aberration acts, in this regard, as a narrow diaphragm. 
If a lens is diaphragmed much it becomes very difficult to deter- 
mine its focus exactly. — Thanks to this form of the caustic, 
very regular eyes can have a very beautiful visual acuity despite 
a strong aberration ; but, in most eyes, the refraction is irregular, 
so that patients have not this advantage (see chapter X). I 
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think, however, that they generally select the place where the 
section of the caustic is smallest, and not that where the cone 
has the least diaipeter. 

Bibliography. — (Ev/wes de TK Young, p. 153. — ^Volkmann (A. W.) in 
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(A.). Beeherehes sur Vindiee total du eristallin hwnain. Journal de 
Physiologic, November, 1899. — ^Bmdzewski (K.). Beitrag zur Vioptrik 
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CHAPTER VIII 

CHROMATIC ABERRATION 

64. Optic Principles. — By receiving on a screen a pencil of 
white rays which^ after having passed through a slit, has tra- 
versed a prism^ we obtain what is called a spectrum, a luminous 
band containing the entire gamut of the colors of the rainbow, 
arranged in the following order : red, orange, yellow, green, blue, 
violet. Each white ray is divided into colored rays which are 
refracted differently, the red the least, the violet the most, which 
we express by saying that the index of refraction of the glass 
is greater for the violet. If we speak of the index of a meditmi, 
without more particular specification, it is generally the index 
of the yellow rays (the sodium line) that is meant. — ^The dif- 
ference between the index of the violet and that of the red is 
called the dispersion of the medium. Instead of receiving the 
spectrum on a screen, we can observe it directly by looking at 
the slit through the prism. For this observation the prism is 
frequently combined with an astronomical telescope (spectro- 
scope). 

In order that the spectrum may be really pure we must: i® 
make use of a very narrow slit; 2° interpose a lens so that the 
rays of each color may be reunited on the screen in a distinct 
image of the slit. The spectrum is, therefore, in reality composed 
of a whole series of images of the slit ; if these images are not 
distinct they are partly overlapped and the colors are not pure. 
— To obtain a very g^eat purity of colors, special precautions 
must be used: we project the spectrum on a screen pierced by 
a slit at the place where the color we desire to examine is 
formed. Through this slit an eye situated behind the screen re- 
ceives the light of this color, mixed with a little white light, 
due to diffusion in the substance of the prism and lens. To 
eliminate this white light, we observe the slit through a second 
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prism. It forms a spectrum which is very weak everywhere, 
except at the location of the color we desire to examine {Helm- 
holts). — ^The length of the spectrum depends on the size of the 
angle of the prism and on the degree of dispersion of the glass : 
a prism of flint glass produces a spectrum much longer than a 
prism of crown glass. — Beyond the red there are ultra-red rays, 
which are invisible, but which have a greater caloric effect than 
the visible rays. Beyond the violet rays there are likewise ultra- 
violet rays, which, in ordinary circumstances, are invisible, but 
which act on photographic plates. They can be made visible by 
overlaying the screen with a "fluorescent" liquid (sulphate of 
quinine, fluorescence, etc.). Struck by the ultra-violet rays, 
these substances send back visible rays, generally bluish or 
greenish. — With certain precautions we can see directly a part 
of the ultra-violet rays, perhaps because the retina itself is 
fluorescent. Thus Mascart mentions a physicist who could dis- 
tinguish the lines of Fraunhofer in the ultra-violet part of the 
spectrum as far as the photographic plate could reproduce them. 
We cannot make the ultra-red rays visible because they do not 
pass through the media of the eye (Bruecke), 





Fig. 73. — Achromatic prisiii. 



Fig. 74. — ^Prism a vision direote. 



Generally, the media which have a greater index have also a 
greater dispersion, (i) but the index and dispersion are not 



(1) This assertioD is true for the glasses which we generally use, but not for 
the new glasses manufactured by Abbe & Schott at Jena since 1886. They suc- 
ceeded in making one part of crown glass (with baryta basis) which has scarcely 
any more dispersion than the ordinary crown glass, but the average index of 
which is equal to that of very dense flint, and another part, of crown glass, with 
low index and relatively high dispersion. The new glasses are imported for the 
manufacture of microscopic objectives (apochromatic systems, see the following 
page) and also for photographic objectives. Under the name of isometropic 
gla8$€9t they have been used for spectacle-making purposes, but, in' this respect, 
they present no advantage. 



CHBOMATIC ABERRATION 133 

proportional. Thus flint glass, for example, gives a dispersion 
nearly double that of crown glass, while its index is 1.7 and that 
of crown 1.5. — If we combine a prism of crown glass with an- 
other of flint glass in an inverse manner, the angle of which is 
nearly a half less^ the dispersion may be neutralized, while there 
remains a quite considerable part of the refraction of the crown 
glass. Such a combination constitutes an achromatic prism 

(fig- 73). 

We can also construct combinations of prisms which give no 
deviation to the emerging ray, but which have a quite consider- 
able dispersion : we call these combinations prisms a vision directe 
(fig. 74) ; they are much used for the construction of spectro- 
scopes. 

By passing through a l^ns the colored rays are also separated. 
As the index is stronger for the blue rays (violet), the blue 
focus is nearer the lens than the red focus. This is the reason 
why the circle of diffusion of a convex lens is bordered with red 
inside the focus and with blue beyond. — Lenses may be made 
achromatic by the same system as prisms: a convex lens of 
croTim glass is combined with a concave lens, half as strong, of 
flint. The circles of diffusion of such a lens no longer present 
red and blue borders, but there still remains traces of other colors 
(green and purple). Zeiss at Jena caused these latter to dis- 
appear also by combining several glasses of different kinds, 
specially manufactured for this purpose (apochromatic systems). 

66. Cliroinatio Aberration of the Eye. — ^The eye is not achro- 
matic as was for a long time believed. The question has played 
quite a curious part in the history of optics. Newton thought 
that the dispersion of a medium was proportional to its index 
and that, consequently, the construction of an achromatic ob- 
jective was a chimera; this is why, forsaking astronomical tele- 
scopes, he adopted catoptric telescopes. But Euler concluded 
that, the eye being achromatic, it must be possible to construct 
achromatic lenses, and this remark led DoUand, the optician. 
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to construct objectives thus corrected. Later IVoUaston demon- 
strated that the eye is not achromatic. This is not the only time 
that useful results have been arrived at by starting from a false 
hypothesis. 

66. Experiment of WoUaston. — ^A luminous point seen through 
a prism gives a linear spectrum. But, making the experiment, 
we observe that we cannot see distinctly at once the entire extent 
of the spectrtmi. If the luminous point is at a great distance, 
the emmetropic eye sees the red extremity of the spectrum as a 
distinct line, while the blue extremity is enlarged and frequently 
divided into two ("like the tail of a swallow"). If we go nearer, 
taking care not to use our accommodation, we find a distance 
at which we are focused for the blue extremity, while the red 
extremity is, in turn, diffuse. The observer can, therefore, de- 
termine his far point for each extremity of the spectrum; the 
difference gives the degree of chromatic aberration. 

WolUiston has likewise directed attention to another phenome- 
non of chromatic aberration : the colored borders which are seen 
along the lines of the optometer of Young, 

Experiments with the Cobalt Glass. — Placing a luminous 
point, such as an opening in an opaque screen, inside the near 
point, we see a circle of diffusion bordered with red exactly as 
when we made the analogous experiment with the lens; it is 
more difficult to see the blue border which surrounds the point, 
when it is situated beyond the far point. The experiment is 
much more striking when the point is observed through a cobalt 
glass. These glasses allow only the blue and red rays to pass; 
locking at a luminous point situated inside the near point, through 
such a glass, we see it blue and surrounded by a red halo. If 
the luminous point is situated beyond the far point, we see, on 
the contrary, a red point surrounded with blue. 

Experiments of Fraunhofer. — This scientist determined the 
distance at which he could see distinctly a spider thread placed 
sometimes in the red light, sometimes in the blue light of the 
spectrum. We thus obtain very exact results. 
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67. Sesnlts. — Young estimated the chromatic aberration of 
the eye at 1.3 D., Fraunhofer found 1.5 to 3 D., Helmholtz gives 
1.8 D. The number is difficult to determine exactly, since the 
lowest limit of the visible spectrum is not well defined. — ^The 
dispersion of the eye is a little greater than it would be if the 
eye were filled with water. 

The eye, therefore, is not achromatic, and, as we have seen, 
it is easy to convince oneself of it when the object is situated 
beyond the far point or within the near point. But when the 
object is at such a distance that it can be seen distinctly, we do 
not see colored borders. The explanation which is given of this 
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Fig. 75. — Chromatie aberration of the eye. 

fact is the following: Let A (fig. 75) be a luminous point 
which sends the cone AlBC into the eye. After refraction the 
white rays are divided into colored rays; the red rays form 
the cone BrC, the violet rays, which are more refracted, 
the cone BvCy and the eye accommodates itself in such a way 
that the retina is between the two foci, placed so that the red 
diffusion circle covers the blue one (see fig. 75). The inter- 
mediary rays of the spectrum, the yellow and the green, which 
are the most luminous, are then concentrated at the middle 
of the diffusion circle, where they coincide with a part of the 
red and a part of the violet, while the peripheral parts of the 
red and violet form a purple border all around; but this border 
is very narrow, and, as it is formed by the extreme rays of the 
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spectrum, which are very slightly luminous, it is too weak to be 
perceived. — ^When observing a luminous point with an astronom- 
ical telescope, the objective of which is not very well achro- 
matized, the same phenomena are seen : if the telescope is focused 
for a nearer point, the circle appears surrounded with blue; in 
the contrary case it is bordered with red, and, when the point is 
seen distinctly, it is surrounded by a very narrow purple border. 
— ^The same thing occurs if the point A be replaced by a white 
object : in the latter case we do not see colored borders. 



68. Phenomena of Dispersion, the Pupil Being Partly Covered. 
— It is different if a part of the pupil be covered by a screen. 
Let us fix, for example, the sash bar of a window through which 
we see the sky. Covering the right half of the pupil with a 
screen, we see the border aa (fig. 76) become colored blue, the 
border bb yellow. In order to explain this fact let us examine 
the point a, the last luminous point of the window on the right, 
and suppose that the point A in figure 75 is this 
point: by covering the half (BO, fig. 75) of the 
pupil, instead of a circle of diffusion uniformly 
illuminated by violet and red, we have a circle 
the right half of which is violet and the left half 
red. This latter half is covered by the circle of 
diffusion of the following point of the window 
on the right, and is not visible; there remains, 
therefore, a blue border (violet) along the sash ^^^' ^^* 

bar. Of the point b it is, on the contrary, the red half (yellow) 
of the circle of diffusion which is not covered. — ^We frequently 
observe very striking phenomena due to the chromatic aberration 
of the eye, by fixing black objects on a white ground, placed at 
a distance for which the eye cannot accommodate itself. Looked 
at towards the sky, the slits of the optometer of Young present 
thus very vivid colorings. — ^The chromatic aberration increases 
with the diameter of the pupil. To study it, it is useful, there- 
fore, to make use of mydriatics. 
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69. Correction of the Chromatic Aberration. — We could correct 
the chromatic aberration of the eye with a concave lens of flint, 
exactly as we can correct the chromatic aberration of a convex 
lens of crown glass. The dispersion of flint glass is about three 
times that of the eye. As the refracting system of the eye is 
about sixty dioptries, a concave flint lens of about twenty 
dioptries would be necessary to correct this aberration. A myope 
of twenty dioptries, who would correct his ametropia with a 
flint lens, would have, therefore, at the same time corrected his 
chromatic aberration. An emmetrope would be obliged to add 
to this lens a convex achromatic lens of twenty dioptries to re- 
main emmetropic. The attempts which have been made in this 
direction {Helmholtz, J aval) have not given a very marked im- 
provement of the visual acuity. 

Bibliography. — (Ewjre» de Young, p. 154.~Wolla8ton, PhiL tram., 180i, 
p. 50.^Fraimliofer (J.) OUberU Ann., LVI, p. 304.— v. Besold (W.). 
Graefes AreK f. OphiK, XIV 2, p. 1. 



CHAPTER IX 

REGULAR ASTIGMATISM 

W. Optic Principles. Astigmatism Produced by the Form of 
tke Surfaces. — ^To account for the form of the astigmatic pencil, 
the fdlowing experient may be made. We combine a convex 
cylinder, with its axis horizontal, with a convex spherical lens; 
the combination of +3 cyl- with -\-6 sph. answers very well. 



Ooi 



o 



Fig. 77. — Circles of diffusion and foeal lines of a regularly astigmatic 
systenL After Fuchs, (In order that the figure may agree with 
the text, we must suppose the first focal line a horizontal, the secona 
h vertical.) 

The pencil, which emanates from a distant luminous point and 
is refracted by the sphero-cylindrical combination, is received on 
a screen which is gradually moved away from the lens. Then, 
instead of a circle of diffusion, the diameter of which diminishes 
according as the screen is removed in order to become a point 
when the screen is at focus, and to again become circular be- 
yond, we obtain the forms illustrated on figure yy. 

The two straight lines are called focal lines; the distance which 
separates them is called interfocal distance, and the meridians of 
the optic system to which they correspond are the principal 
meridians. Together the rays no longer form a cone in which 
all the rays pass through a point, but a more complicated system, 
characterized by this peculiarity, that all the rays pass through 
two short straight lines perpendicular to each other (the focal 
lines). The system is known as the conoid of Sturm. 

The first focal line is at the focus of the meridian of greatest 

refraction (in our case, the vertical meridian) ; it is parallel to 
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the meridian of least refraction; the second focal line is at the 
focus of the meridian of least refraction and parallel to the 
meridian of greatest refraction. The diffusion spots are every- 
where elliptical, except at one point of the interfocal distance 
where the luminous spot is circular. 

In the principal meridians, refraction takes place as if the 
lenses were spherical; an incident ray parallel to the axis cuts 
the latter at the focus of the meridian. The rays which are not 
situated in the principal meridians do not meet the axis; their 
course will be indicated later on. 

The length of the focal lines is proportional to the distance of 
these lines from the lens. Let F' (fig. 78) (i) be the distance 




Fig. 78. — px, horizontal focal line; pt, vertical focal line. 



of the first focal line, F" that of the second, P the diameter 
of the lens, p^ and P2 the lengths of the two focal lines. Then 
we have 



P 



Y' ' F' 



_ — and ^=: — — — . consequently by dividing 



F 
pi F' 



p» F 



1 1 



The circle of circular diffusion is at a, where the diameters 
are equal. It divides the interfocal distance into two parts, 



(1) We must suppose Uiat Uie vertical meridian has been made to rotate 
90 o around the axis, so as to be able to draw the two focal lines In the same 
plane. 
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which are proportional to the focal distances. For, designating 
the diameter at this place by a, and the two parts of the inter- 
focal distance by x and y we have : 



a 

Pi 



^ y and -g-^ 



X -{-y 



P^ 



^ , ^ , therefore, by dividing, 
X pi F' 



All the other diffusion spots are ellipses, of which it is easy 
to calculate the axes. Placing a screen at a distance b from the 
second focal line, we see (fig. 78) that the axes c and d of the 

ellipse are found by the equations .£. ^ inJ^^pID and -^ = -^, 
equations which give as the relation between the axes : 



1 1 



c_ b- (F" — F) ^ 

d~ F' ^ b 



Knowing the axes we can find the ellipse by construction (fig. 
79). We make a circle with half the long axis d (fig. 78) as 
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Fig. 79. — Construction of the elliptical diifuaion spot. 

radius, and draw therein two diameters, a horizontal BD and a 
vertical AE, and mark the points A' and E' so that OA'=OE'= 
_£_. BD and A'E' are then the two axes of the ellipse, and we 
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can find any point whatever G^, of the ellipse, by letting fall the 
perpendicular GH on the long axis, and marking the G^ so that 

GiH c 

We can use this construction to find the course of the rays 
which are not situated in the principal planes. Suppose, indeed, 
that one of these rays passes through a given point of the lens. 
If the optic system were spherical and of the power of the 
meridian of least refraction, we would have a circle of diffusion 
of diameter BD, in which it would be easy to find the point K 
through which the ray would pass, since the circle would be only 
a diminished image of the lens. Having determined the position 
of the point K, we find the point K' through which the ray really 
passes, by diminishing the distance of K from the long axis in 
the proportion i_. 

Application of the Principle of Foucault. — Let us place 
the luminous point a little beyond the focus of our sphero- 
cylindrical combination. The focal lines are then formed at 
quite a great distance. We receive the horizontal focal line 
on a screen which is then removed and the eye put in its place; 
we will then see a vertical luminous band which passes through 
the lens, while the parts on the right and left are dark. As we 
have already seen (page 119) the eye sees luminous the parts of 
the lens which send light to, it, and it is easy to see that it re- 
ceives under these circiunstances all the luminous rays from the 
vertical meridian, while it does not receive rays coming from the 
lateral parts which intersect in other points of the horizontal 
focal line, to the right and left of the eye. Placing the eye in 
the vertical focal line we see a horizontal band. 

61. Defects of the Image. — ^As the image of a point is never 
exactly a point, the image of an object can never be really 
distinct. Outside the focal lines, the outlines are all more or 
less dull. If the screen is at p^, the horizontal lines only are 
distinct, if it is at p^, it is the vertical lines that are distinct. 
The image is better at p^ than at p^y since the first focal line is 
the shorter. 
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With a cylinder which is strong compared with the spherical 
glassj the image becomes so poor that it is unrecognizable ; with 
+6 spherical combined with +3 cylindrical of our test case, it 
is impossible to form an image on a screen. If, on the contrary, 
we place this combination sufficiently far from the eye that the 
image may be seen inverted, this image is pretty good, because 
the pupil of the observer forms a diaphragm; but it is deformed, 
all the dimensions parallel to the meridian of greatest refraction 
being greatly diminished. 

62. Astigmatio Surfaces. — ^We have so far obtained astigmatic 
refraction by a combination of spherical and cylindrical surfaces, 
but we can obtain the same result by refraction through a single 
refracting surface. — If the aperture is very small, this result is 
obtained with any surface whatever, (i) For, a small part of 
any surface always presents two principal meridians, perpen- 
dicular to each other, one of maximum and the other of minimum 
curvature. The incident rays, situated in these planes, remain 
there after refraction and go to meet the axis after refraction ; 
the rays which are not situated in these meridians do not meet 
the axis, but pass through two focal lines, perpendicular to the 
axis and situated in the principal meridians. — ^Among the sur- 
faces for which this is true, even for quite a large aperture, at 
least approximately, there are two specially noteworthy: the 
ellipsoid with three axes and the tore. 

By rotating an ellipse around its long axis, we obtain an 
ellipsoid of revolution. And if we suppose that it undergoes 
a flattening in a direction perpendicular to the long axis, we 
obtain an ellipsoid with three axes. The luminous point must 
be on the long axis. — ^The two principal meridians are elliptical 
(as is every other section of this surface). 

The tore is the surface which is obtained by making a circle 
rotate around an axis situated in its plane (ab, fig. 80). By cut- 
ting a part near A, we would have an astigmatic surface the 



(1) W6 must except the plane, sphere, the part near the axes of the surfaces 
of reTolution. and that near the points called umbilical of other surfaces, sup- 
posing the incidence normal. Otherwise, the refraction is always astigmatic. 
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principal meridians of which would be circular ; one would have 
the same radius as the circle (Rj) ; the radius of the other (R^) 
would be equal to the distance of the axis from the apex of the 
circle. The luminous point must be on the prolongation of AO. 
Even with these surfaces a pure astigmatic action is not ob- 
obtained^ when the aperture is 
a little large. It is clear that on 
account of the spherical aberra- 
tion the peripheral parts of the 
principal meridians of the tore 
must have a greater refraction 
than the central parts; also the 
astigmatism of a peripheral zone 
becomes greater than that of the 
central part, since the refraction 

increases more rapidly towards 

^, • I. • ^i_ ^ J Fig* 80. — ^By the revolution around 

the periphery m the most curved ^^ ^^^ ^^ ^^^ ^^ ^^^ 

principal meridian. — On account produces a torus, 
of the flattening towards the periphery, the aberration is less for 
the ellipsoid; one of the meridians may even be aplanatic for 
a distant object, but then the other meridian is either over- 
corrected or under-corrected, so that the astigmatic effect is 
never pure. 

63. Astigmatiiin by Inoidenoe. — Let us place a spherical lens 
at some distance from a luminous point and form the image of 
this point on a screen; then make the lens rotate around a 
vertical axis. The screen inunediately ceases to be at the point ; 
we must move it nearer the lens, and we find at the same time 
that the refracted pencil is astigmatic The horizontal focal line 
is farther from the lens than the vertical focal line. The refrac- 
Hon has, therefore, increased in both meridians, but more in that 
which contains the axis of the lens and the luminous point. 

The focal lines are far from being distinct, especially if we 
do not use a small diaphragm. They are rather diffusion spots 
greatly lengthened in one or other direction. — But the pencil 
has one true focal line which, in our case, is horizontal ; we find 
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It by making the screen rotate around a vertical axis, but in a 
direction the reverse of that of the lens (fig. 8i). 




Fig. 81. — ^Focal line of a lens placed obliquely. 

A pencil reflected or refracted obliquely by a spherical surface 
is also astigmatic by incidence. It is the same phenomenon 
which constitutes spherical aberration. 

Let cabd (fig. 82) be an incident pencil parallel to the axis 
of a refracting spherical surface. Suppose that the pencil is 




Fig. 82. 
Aatigmatism by incidence. — F', first focal line; F'^F"', second focal line. 

cylindrical, so that ab is the diameter of the small round spot 
which represents the aperture of the surface : ab is then one of 
the principal meridians and the diameter perpendicular to ab is 
the other. On account of the spherical aberration the ray aF' 
meets the axis nearer the surface than the ray bF\ The first 
focal line, which is perpendicular to the plane of the paper, is at 
F', for, if we imagine the entire figure rotating around the axis, 
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F' describes an arc of a circle, a small part of which may be 
considered as a straight line, and it is easy to see that all the 
rays of our pencil must pass through this straight line (at least 
approximately). As, on the other hand, the rays must all meet 
the axis, F" F"' is the second focal line. — Here again the 
meridian of greatest refraction is that which contains the axis. 

When the incidence is oblique, all the surfaces, the plane sur- 
faces included, give astigmatism by refraction. 

It is the same in the case of reflection, but then the plane 
surfaces are an exception. Ordinary mirrors are not exempt 
from this defect on account of the refraction through the thick- 
ness of the glass which is in front of the coating. The best 
images that we can obtain are those formed by reflection on a 
surface of mercury, especially when the layer is very thin: the 
pencil is not astigmatic at all. (i) 

64. Astigmatisin of the Hunan Eye. Hiitorioal. — ^This defect 
of the human eye was discovered by Thomas Young in 1801. 
He never noticed that his vision was defective, and claimed that 
he saw as well as most people. He proved the defect in his own 
eye by means of his optometer, and also by observing the forms 
of the circles of diffusion produced by a luminous point. He 
measured its degree by means of the optometer and expressed 
it, as we still do, by the difference of refraction of the two 
meridians. He had 1.7 D. of astigmatism against the rule. He 
proved that his astigmatism was not seated in the cornea, because, 
by performing his celebrated experiment of putting the eye under 
water and substituting a spherical lens for the cornea (see page 
202), he found the same degree. — He attributed the astigmatism 
to the obliquity of the crystalline lens, which obliquity he thought 
much greater than it really is, and remarked that the defect could 
be corrected with glasses placed obliquely in front of the eye. 

The astronomer Airy, a professor at Cambridge, was the first 
who corrected the defect by a cylindrical glass (1827). He had 



(1) It is claimed, however, that we can still obsenre a trace of aBtigmatlBm, 
in this case, with the telescopes of the greatest magnifying power. This astig- 
matism might be due to the fact that the surface is not really plane on account 
of the spherical form of the earth. 
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high compound myopic astigmatism of the left eye, which he 
studied and measured by means of a luminous point. — Later, 
Colonel Goulier likewise studied this defect and prescribed cylin- 
drical glasses to a certain number of patients. 

It was only after the inventicwi of the ophthalmometer by 
Helmholtz that the measurements of Knapp and Bonders drew 
attention to this prevalent anomaly of the human eye. The 
works of these two investigators appeared almost at the same 
time, but those of Donders had greater influence. He was, in 
fact, the first to have cylindrical glasses put in the test case, 
which greatly contributed to their more general use. The 
methods used for the examination of patients were quite de- 
fective. The luminous point was especially used to find the 
meridians, and the refraction of each meridian was then meas- 
ured by means of the stenopaic slit and spherical glasses. — A 
little later Javal introduced the examination by the star figure 
and cylindrical glasses. 

65. Physiologio Astigmatiim. — It is rare to find an eye com- 
pletely free from astigmatism; but when the degree is slight, it 
scarcely affects the vision. We call this astigmatism physiologic. 
It is a disputed question at what degree we should begin to 
consider astigmatism pathologic; some have placed the limit at 
0.5 D. or at 0.75 D., others at i D. or 1.5 D, In certain people 
we can improve vision with a cylinder of 0.75; others, on the 
contrary, experience no improvement, although they may have 
really the same degree of astigmatism. The aperture of the 
pupil, and especially the greater or less regularity of the astig- 
matic pencil, here play an important part. One of the best means 
of disclosing low degrees of astigmatism consists in observing 
the form under which a luminous point appears when placed 
at different distances. If the luminous point indicates a trace 
of astigmatism, we can generally also verify it by the star 
figure and a weak cylindrical lens, by placing the latter at first 
in the correct position and then in the contrary position. The 
patient then tells that the former position equalizes the lines 
better than the latter. 
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. 66. Corneal Astigmatitm. — The principal seat of astigmatism 
is in the anterior surface of the cornea, which is not strange, 
since it is at this place that the principal change of index occurs. 
A deformity of one of the internal surfaces of the eye, which, 
at the anterior surface of the cornea, would produce considerable 
astigmatism, has only slight effect on accotmt of the little dif- 
ference of index of the media. The refraction is expressed, 
as we have seen, by <^l=i)J?? (see page i6), that is to say, for 
the cornea, by ?!:? and, for one of the internal surfaces, by ^^ 

The same deformity would, therefore, produce an effect five or 
six times less. 

We may conceive also that, in the normal eye, astigmatism by 
incidence could scarely play any part, since the visual line passes 
approximately through the center of curvature of the cornea and 
through' the middle of the pupil. It is otherwise in cases where 
there exists a considerable displacement of the pupil (corectopia), 
and especially in the case of an artificial pupil. — Under ordinary 
circumstances, therefore, it is the form of the anterior surface 
of the cornea that principally determines astigmatism; the ex- 
amination of this surface thus plays an important part in the 
search for astigmatism. 

67. Meaflurement of Corneal Astigmatisni. — There exist dif- 
ferent means of examining whether the cornea is astigmatic and 
of estimating the degree of its deformity (disc of Placido, kerato- 
scope of de Wecker and Masselon, etc.) ; but, to measure it, one 
can scarcely think of using any other means than the ophthal- 
mometer of Javal and Schioetz, which we have already described. 
The progress which it marks, compared with old ophthalmo- 
meters, consists especially in the facility with which we find the 
principal meridians by means of the difference in the level 
(deftivellation) . If the arc is in a principal meridian, the images 
of the two mires must be on the same level and the black lines 
which are at the middle of the mires must be in the prolongation 
of each other. Outside the principal meridians there is a 



148 



PET8I0L0GIC OPTICS 



difference in the level (denivellation) greater in proportion as 
the astigmatism is more pronounced. 




Fig. 83. — ^Explanation of the diiferenoe in the loTel (dfoiyellation). 



To explain this phenomenon, let us examine a spherical cornea 
after having removed the doubly refracting prism from the in- 
strument which then acts as a simple telescope. We then see 
only the images of the two mires, separated by an interval of 
about 3 millimeters. By rotating the arc these images describe 
a circle. Let A BCD, figure 83, be this circle to which the images 
of the mires always remain tangents. Let us replace the prism 
in position. Then the images are in the same meridian as the 
mires themselves, and as the doubling (dedoublement) of the 
prism takes place exactly in this meridian there is no difference 
in the level, — If we replace the spherical cornea by an astigmatic 
cornea, the vertical meridian of which is the more curved, the 
circle ABCD is replaced by the ellipse AEBF which is con- 
structed as shown on page 140 by reducing the distance of each 
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point from AB in the proportion of the radii of the two principal 
meridians. By this construction the dotted diameter becomes 
the diameter KL, on which the images now are. The latter 
are, therefore, no longer situated in the meridian of the mires, 
and as the prism always acts in the direction parallel to this 
meridian, it follows that on obtaining contact the two images 
are not on the same level. Only when the arc is in one of the 
principal meridians the mires and their images are in the same 
plane and there is no difference in the level. 

We can account for the difference between the image pro- 
duced by a spherical cornea and that of an astigmatic cornea, by 
drawing on a sheet of paper a circle with two oblique diameters, 
perpendicular to each other, and observing the inverted image 
formed by a strong spherical lens held at some distance from 
the eye. The image is identical with the drawing; but if a con- 
vex cylinder with horizontal axis be added, the circle is replaced 
by an ellipse with the long axis horizontal, and the two diameters 
form between them obtuse angles above and below. 

After having placed the ocular in focus for the spider thread, 
and then the instrument in focus for the eye, we begin by finding 
the meridian of least refraction. We place the mires in contact 
and make the arc rotate 90°. This done, the images of the mires 
partly overlap, and the number of gradations overlapped indi- 
cates the degree of astigmatism in dioptries. — If very exact 
measurements are desired, it is preferable to find each of the 
meridians separately, and to obtain contact in each of them. We 
read the refraction of each meridian on the arc, and the differ- 
ence indicates the astigmatism. — We sometimes observe that the 
two principal meridians are not exactly perpendicular to each 
other; this is due to the relatively great distance between the 
mires ; for, the principal meridians of a minute part of a surface 
are always perependicular to each other. — This is attributable to 
the fact that the meridians, instead of being plane sections of 
the cornea, possess a certain curvature. 

68. Begnlar Corneal Astigmatiim. — ^We distinguish between 
direct astigmatism or astigmatism with the rule, in which the 
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meridian of greatest refraction does not differ much from the 
vertical, and perverse astigmatism or astigmatism against the 
rule, in which the horizontal meridian is that of greatest re- 
fraction. If the direction of the meridians differs much from 
the horizontal and vertical directions, we say that the astig- 
matism is oblique, 

Schioets and Nordenson have compiled statistics on the di- 
rection of the corneal astigmatism in school children. Following 
are the results obtained by Nordenson: 

Corneal astigmatism, none 9 per cent. 

— — with the rule 77 — 

— — against the rule 1 — 

— — oblique 12 — 

Thirty per cent, had astigmatism of at least i D., 2 per cent, 
an astigmatism over 1.5 D. — It seems that astigmatism against 
the rule becomes more frequent with age, and that astigmatism 
with the rule changes into astigmatism against the rule under the 
influence of an increase of tension. Pfals and G. Martin have 
thus found astigmatism against the rule very common in glauco- 
matous patients, and the experimental researches of Eissen on 
rabbits' eyes confirm this result. 

Except in post-operative cases, corneal astigmatism only very 
rarely exceeds the degree of 5 to 6 D. ; astigmatism against the 
rule and oblique astigmatism are never so pronounced. — If there 
is a difference between the degree of the astigmatism of the 
two eyes of the same person, we generally find that the most 
astigmatic eye has the maximum curvature greater and the 
minimum curvature less than those of the other eye, but the 
difference is generally greater for the meridian of greatest re- 
fraction {J aval), 

69. Eelations Between Ophthalmometric and Subjective Astig- 
matism. — We have said that the first ophthalmometric measure- 
ments were made by Doftders and Knapp, They noticed that 
there existed a certain difference between the ophthalmometric 
and subjective measurements. They attributed this difference 
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to an astigmatism of the crystalline lens which would act in a 
direction contrary to that of the cornea. Since then much has 
been said of crystalline astigmatism, but what has been said 
about it is purely hypothetical, for if I except some measure- 
ments which I have made with the ophthalmophakometer, and 
to which I shall refer later, I do not think that ony one has ob- 
served directly astigmatism of the crystalline lens. Now, the 
difference between ophthalmometric and subjective astigmatism 
may be attributed to many other causes. To assume nothing as 
to the nature of this astigmatism I shall call it supplementary 
astigmatism. According to most investigators the part which 
it plays is the following: 

1° If there is no ophthalmometric astigmatism, we generally 
find a slight subjective astigmatism against the rule; 

2° If the ophthalmometric astigmatism is against the rule, the 
subjective astigmatism is generally against the rule and greater ; 

3° If the ophthalmometric astigmatism is with the rule and of 
a value intermediate between i and 3 D., the subjective astig- 
matism generally differs only slightly from it ; 

4^ If the ophthalmometer gives an astigmatism with the rule 
and greater than 3 D., the subjective astigmatism is also with 
the rule, frequently greater. 

Jai'al tried to express the relation between subjective astig- 
matism (A^t) and opththalmometric astigmatism (A^c) by the 
empiric formula: 

A^t = k + p, Ajc. 

in which formula k and p are two constants, ^=0.5 D. against 
the rule and p=i.2$, — This formula would give the following 
relation : 

Against the rule. ^^^^^ With the rule. 

Aa. opht 2 — 1 — — 1 — 2— 3 — 4 — 5 — 6 dipotries 
As. Bubj. 3 — 1.75 — 0.5 —^.75 — 2 — 3.25 — 4.5 — 5.75 — 7 dipotries 

Affaintt the rule. With the rule. 

It is well understood that this permits of many exceptions, 
for supplementary astigmatism depends on so many factors, that 
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it IS very difficult to give a general expression of its value. 
Among these factors I shall state the following: 

1° The Deformity of the Internal Surfaces, — Although these 
deformities^ as I have already remarked, play quite an im- 
portant part in the literature, this question has, up to the present, 
been completely ignored. To give an idea of the part which 
they might play, I add the following table, which gives the re- 
sults for some eyes I have measured : 

TAme T. Dr. B. M. V. 

Thiekneas of cornea l.lSmm l.06nun. l.31nini 

Position of the anterior surface of the 

erystalline 3.54nim 4.24mm 3.66mm 

Thickness of crystalline 4.06mm 3.98mm 4.25mm 

Anterior swrfaee of eomea: 

Badins. Horizontal meridian 7.98mm 7.78mm 8.29mm 

— Vertical meridian 7.60mm 7.90mm 8.33mm 

Horizontal refraction 47.24 D. 48.46 D. 45.48 D. 

Vertical refraction 49.60 D. 47.72 D. 45.26 D. 

Posterior swrfaee of the eomea: 

Badins. Horizontal meridian 6.22mm 5.66mm 6.17mm 

— Vertical meridian 5.55mm 5.11mm 5.87mm 

Horizontal refraction — 4.73 D. —5.19 D. — 4.77 D. 

Vertical refraction —5.30 D. —5.76 D. —5.01 D. 

Anterior surface of the crystalline lens : 

Badins. Horizontal meridian 10.20mm I2.26mm I0.42mm 

— Vertical meridian 10.10mm io.09mm 9.33mm 

Horizontal refraction 6.13 D. 5.10 D. 6.00 D. 

Vertical refraction 6.19 D. 6.19 D. 6.70 D. 

Posterior surface of the crystalline lens: 

Badins. Horizontal meridian.. 6.17mm 6.38mm 6.73mm 

— Vertical meridian 6.24mm 7.11mm 8.49mm 

Horizontal refraction 9.53 D. 9.22 D. 8.73 D. 

Vertical refraction 9.42 D. 8.27 D. 6.93 D. 

Astigmatism in Dioptries: (1) 

Anterior surface of the cornea 2.36 d 0.74 i 0.22 i 

Posterior surface of the cornea 0.57 i 0.57 i 0.24 i 

Anterior surface of the crystalline lens. . . . 0.06 d 1.09 d 0.70 d 

Posterior surface of the crystalline lens... 0.11 f 0.95 i 1.81 i 

Complete is^stem 1.40 d 1.05 i 1.62 i 



(1) [Here d (direct) stands for astigmatism with the rule and i (indirect) 
Isji' * ft the mle.] — ^W. 
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Although we manifestly cannot draw general conclusions from 
the measurements of three eyes, I wish, however, to direct at- 
tention to some of these results. Wie observe in the first place 
that the vertical meridian of the posterior surface of the cornea 
presents a more pronounced curvature than the horizontal 
meridian. This condition is repeated in the three eyes to which 
I here refer, as well for the first, the anterior surface of which 
presents astigmatism with the rule, as for the other two in 
which it presents astigmatism against the rule. I have also met 
the same deformity in other eyes which I have measured, so 
much so that there is reason to believe that the condition is 
general. It is a deformity analogous to that which, in the case 
of the anterior surface of the cornea, produces astigmatism with 
the rule; but, as the posterior surface acts like a concave lens, 
this deformity produces astigmatism against the rule. It is 
probably for this reason that eyes, which have no opbthalmo- 
metric astigmatism, generally have subjective astigmatism against 
the rule. The influence of the posterior surface of the cornea 
must correspond partly with the term k of the formula of Javal, 

As to the crystalline surfaces, we observe that the anterior 
surface presents in the three cases astigmatism with the rule, 
the posterior surface astigmatism against the rule. I do not 
know whether it is a coincidence or whether it indicates a general 
rule. 

2° The obliquity of the crystalline lens must, after what we 
have said on refraction by lenses placed obliquely (page 143), 
produce astigmatism against the rule, but very little, at most a 
half dioptry, and perhaps less, if the special structure of the 
crystalline lens results in compensating the effect of its obliquity 
as certain authors (Hermann) have supposed. 

3° Mention has been made of an astigmatic accommodation 
of the crystalline lens, which would have the effect of correcting 
the corneal deformity, and often even over-correcting it. In my 
opinion this astigmatic accommodation is not sufliciently demon- 
strated ; I shall speak of it forthwith. 

4° We must not forget the influence of the distance of the cor- 
reeling glass from the eye, in consequence of which the concave 
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correcting glass is stronger, the convex glass weaker than the 
true astigmatism. This influence makes itself felt the more 
according as the glass is stronger, and, in order to calculate it, 
we must take into account not only the cylindrical glass, but also 
the spherical glass with which it is combined {Ostwalt) (i). — 
If certain authors have found that the subjective astigmatism 
with the rule frequently exceeds that found with the ophthalmo- 
meter (the factor p of J aval) ^ it is due, perhaps, to the fact that 
they generally use concave cylinders. 

5° Among the factors which play a part in supplementary 
astigmatism, the most important is probably the variation of the 
astigmatism in the different zones of the cornea. The peripheral 
zones frequently present a value, and sometimes also a direction 
more or less different from those of the central zones. This, 
among other things, follows from the measurements of the 
peripheral parts of the cornea made by Sulser; but it is especially 
after I began to work with the optometer of Young that I fre- 
quently found considerable differences between the refraction 
of different parts of the pupillary space, and that I became con- 
vinced of the importance of these differences. There certainly 
exist some regularly constructed eyes, in which the astigmatism 
is nearly the same in the whole pupillary space, but most eyes 
are more or less irregular. Entirely regular astigmatism is only 
imaginary. — This explains also the hesitancy of many patients 
when tested with different cylindrical glasses. We have all met 
cases in which it is almost impossible to obtain a definite answer 
from the patient. Sometimes he prefers one cylinder, sometimes 
another somewhat different, and, at each new examination, he 
manifests a different preference. Most frequently if the patient 
hesitates, he has good reasons for doing so. — Examination with 
the luminous point (see chap. X), which has been much ne- 
glected, but which we have used for some time at the laboratory 
of Sorbonne, shows why the patient hesitates and why we fre- 
quently do not obtain a very encouraging result by correction. 



(1) [See also an article bj the translator in the ArthiveB of Ophthalmology, 
Vol. XXII. No. 1, 1893, where this question Is discussed fully.] — W. 
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70. Aftigmatio Aocommodation. — ^The question of astigmatic 
accommodation has been much discussed for some years past. 
It was Dobrowolsky who first expressed the idea that astigmatic 
patients could partly correct their defect by producing a de- 
formity of the crystalline lens in a contrary direction, by an ir- 
regular contraction of the ciliary muscle. He thus supposed a 
latent astigmatism which could be made manifest by instilling 
atropine, exactly as in the case of hypermetropia. — Later, the 
idea was adopted by Javal, and pushed to its extreme conclusions 
by G. Martin, Vachcr and others, who went so far as to find in 
this astigmatic accommodation the origin of a series of diseases : 
blepharitis, keratitis, migraine and even, in certain cases, cataract. 
Some time ago a reaction set in; most of the authors in later 
years, like Eriksen, Sulser and especially George Bull, do not 
admit astigmatic accommodation. 

. The advocates of astigmatic accommodation based their belief 
especially on the change of the astigmatism observed on instilling 
atropine. The phenomenon is, in all probability, due to the fact 
that the astigmatism of the peripheral parts differs from that of 
the central part ; in ordinary circumstances these parts are out- 
side the pupil, but in consequence of atropinization the latter 
is dilated so as to allow the peripheral parts to come into play. 
The area of these peripheral parts is generally greater than that 
of the central art which corresponds to the pupil in ordinary 
circumstances. Suppose, for example, that the diameter of the 
pupil may be brought from 4 to 8 millimeters. The area of a 
circle being expressed by r.^n, that of the ordinary pupil is about 
12 square millimeters and that of the dilated pupil about 50 
square millimeters. The pupil has consequently increased by 38 
square millimeters, or about three times its size. Thus much- 
more light enters through these peripheral parts; and it is not 
surprising that this fact greatly influences the answers of the 
patient. All the observations of a change of astigmatism after 
instilling atropine prove nothing, therefore, in favor of astig- 
matic accommodation. It has been proposed to study the question 
by placing before the eye a diaphragm of the size of the un- 
dilated pupil, but I do not see how we could assure ourselves 
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whether the position of the diaphragm really corresponded with 
that of the undilated pupil. — ^The only observations in favor of 
astigmatic accommodation which could lay claim to some value, 
are those in which the observer, provided with a weak cylinder, 
begins by seeing distinctly one line of the star figure and ends 
by seeing all with the same distinctness. But the observations 
of this kind which have been published are by no means beyond 
all criticism. If any one desires to again perform this experi- 
ment he had better use a luminous point: after having placed 
a weak cylinder before the eye, it would be necessary to observe 
the different forms under which the luminous point would be 
seen at different distances (see the following chapter) and to 
repeat this examination after having worn the cylinder for an 
hour or two, to see if the figures had undergone any change. 

The alleged astigmatic acconmiodation was always of a very 
low degree, i D. to 1.5 D. at most. Frequently, in order to dis- 
cover it, a very persistent atropinization was necessary, lasting 
as much as fifteen days and even until symptoms of poisoning 
appeared. I think that frequently the patient, weary of the 
struggle, ended by answering all that was desired. 



71. Post-operative Astigmatism. — ^If we examine the cornea 
eight days after the extraction of a cataract, we find an enorm- 
ous astigmatism against the rule, sometimes reaching 12 or 14 D. 
The vertical meridian is flattened, probably in consequence of 
the interposition of an exudation between the lips of the wound ; 
the phenomenon is more pronounced if there exists a hernia of 
the iris. This astigmatism diminishes gradually; it may dis- 
appear altogether, but generally one or two dioptrics remain. 
For this reason it is prudent to postpone the selection of spec- 
tacles for two or three months after the extraction, or, if the 
patient desires to have them immediately, to warn him that it 
will be necessary to change them after two months. Contrary 
to what we would expect, the agreement between the subjective 
astigmatism and the ophthalmometric measurement is less than 
for the normal eye, which is due partly to the distance of the 
correcting glass from the eye (see page 153), partly to the fact 
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that the cornea very frequently retains a certain degree of ir- 
regularity after extraction. What we have said of the extrac- 
tion of cataract applies also, but in a much less degree, to 
iridectomy and other operations performed on the cornea, 

72, KeratoconoB. — Apart from post-operative cases, we meet 
the highest degrees of corneal astigmatism in cases of keratoconus. 
(i) The apex of the cone does not generally coincide with the 
visual line, which gives rise to a strong astigmatism, the direction 
of which varies, following the direction of the apex of the cone. 
We observe at the same time that the images of the mires are 
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Fig. 81. — Eetatoacopic imagSE of a c&se of kGratoconuB. 



very irregular. By removing the prism and placing the kerato- 
scopic disc in its place, we easily find the direction of the look 
which brings the apex of the cone into the axis of the ophthal- 
mometer; we then see the image of the keratoscopic disc quite 

.(1) The cxpregilan "ken 
■ppro*cl)«> Id theKe cbsoi 
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small and frequently regular, round or oval; in every other 
position its form is ovoid (fig. 84). — ^The cases which J aval 
had first described tmder the name of decentered eyes, because 
he thought their deformity depended on an unusual size of the 
angle a, were affected with a light degree of keratoconus, as he 
has since acknowledged. Outside of cases of keratocnus, we 
quite frequently meet cases in which the images of the mires or 
of the keratoscopic disc present more or less pronounced ir- 
regularities, for example, in consequence of old lesions of the 
cornea. Frequently, however, we still succeed in making an 
ophthalmometric measurement which may give information use- 
ful for the choice of a cylinder. 



73. SymptomB of Agtigmatism. — ^The most important symptom 
of astigmatism is the diminution of visual acuity, which is a 
consequence of the want of distinctness of the image. Generally 
the images are a little deformed, but astigmatic patients are 
accustomed to this deformity and take no notice of it. 

Asthenopia of Astigmatic Patients. — On account of their 
diminished acuity astigmatic persons are obliged to bring objects 
near them for the purpose of obtaining larger retinal images. 
They are, therefore, obliged to accommodate more than other 
persons, which is in itself a cause of astigmatism. But there 
are yet other reasons for it. 

It may be asked how astigmatic persons see, that is to say, 
what part of the interfocal distance is it that they bring pre- 
ferably on the retina. Following Sturm it was believed that, in 
cases in which they have their choice, they prefer to use the 
circle of diffusion so as to see all the outlines with the same 
degree of confusion. According to later researches {Javal) it 
is the vertical focal line that they use preferably. There are 
several reasons for this preference : one is that it is much more 
important in reading to see the vertical lines distinctly, the legi- 
bility of the letters depending especially on the distinctness with 
which the vertical lines are seen. Another reason is the im- 
portance which vertical outlines have for binocular vision. If 
one sees only the horizontal lines, there is nothing to indicate 
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for what distance the eyes must converge. For want of being 
able to use the vertical focal line astigmatic persons have re- 
course to the horizontal line, but very rarely to the intermediary 
part. 

In cases of astigmatism with the rule, the degree of accommo- 
dation to be used depends, therefore, on the meridian of least 
refraction. Any one having compound hypermetropic astig- 
matism, simple hypermetropic astigmatism or mixed astigmatism 
is, therefore, in the same situation as a hypermetrope ; he has 
the same reasons for having accommodative asthenopia. Per- 
sons having myopic astigmatism with the rule or against the 
rule (if it is not combined with hypermetropia) have less cause 
to suffer from asthenopia and seem, indeed, to suffer less. George 
Bull especially has laid stress on this explanation of the as- 
thenopia of astigmatic persons. 

74. Examination of Astigmatic Persons. — ^When, on examin- 
ing the patient with spherical glasses, we do not find a satisfactory 
acuity we suspect astigmatism, unless the explanations of the 
patient give reason to suspect an internal disease of the eye. 
We then submit the patient to ophthalmometric examination, 
which, according to the rules that we have laid down, gives an 
approximate idea of the direction and degree of the subjective 
astigmatism. If we find a very low degree with the ophthalmo- 
meter we may generally come to the conclusion that the com- 
plaints of the patient need not be attributed to astimgatism. We 
then pass to the subjective examination ; make the patient myopic 
two or three dioptries and move the star figure close enough for 
him to see one of the lines distinctly. Under these circumstances, 
the patient sees distinctly the line which corresponds to the 
meridian of greatest refraction. The direction of this line indi- 
cates, therefore, the direction of the axis of a convex cylinder; 
a concave cylinder must be placed perpendicularly to this direc- 
tion. It is rare to find an appreciable difference between the 
direction indicated by the ophthalmometer and that thus found, 
unless in the case of a very slight ophthalmometric astigmatism 
which can have no bearing, in its position and value, on the 
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total astigmatism. We may then proceed to find the cylinder 
which equalizes all the lines, but the simplest way is to find 
directly the cylinder which gives the best visual acuity : we place 
before the eye the glass which corrects the spherical ametropia, 
joining thereto the cylinder indicated by the ophthalmometer, 
in the position found by means of the star figure. After having 
found how much the visual acuity is thus improved, we try 
whether a further improvement is obtained by making the glass 
rotate slightly in both directions and adding s, -{-i and — i 
cylinder, being very careful to place the axis of the glass 
parallel to that which is already in the frame. According as 
the acuity gains by adding a one dioptry convex or concave 
cylinder, we replace the glass of the frame by the following 
number, and recommence the examination. AV!ith patients who 
are good observers, or when the astigmatism is slight, we may 
sometimes reach a greater degree of accuracy, by using a half- 
dioptry cylinder. When we have found the weakest cylinder 
which gives the best visual acuity, we verify the spherical glass 
by adding a -(- ^ spherical which ought to diminish the visual 
acuity and a — i spherical which ought not to increase it. 

After having made the subjective examination, we examine 
the patient with the ophthalmoscope. I will mention farther on 
the ophthalmoscopic signs of astigmatism on which great stress 
was laid at a time when there were no other objective signs of 
this anomaly; they have become today almost mere curiosities, 
especially since skiascopy has assiuned a merited importance. 
When we make use of it for verification, we place the correcting 
glass in a frame and examine by skiascopy whether the correc- 
tion is complete. We can also use it to find out the direction 
of the axis and the value of the astigmatism, if we have no 
ophthalmometer. 

Skiascopy with a luminous point especially enables us to find 
very exactly the direction of the axis by means of the luminous 
band, mentioned on page 141. In order that the phenomenon 
may be distinct it is necessary that the eye of the observer be 
placed in one of the focal lines, and that the mirror forms the 
image of the luminous source at the place of the other focal 
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line. The observer will then see luminous the meridian at the 
focus of which he is. Thus if the observed eye has a myopia 
of 2 D., combined with an astigmatism with the rule of 2 D., 
he will see a horizontal luminous band if he is placed at 50 
centimeters and illuminates the eye with a concave mirror which 
projects the image of the luminous source at 25 centimeters. 
To see the band vertical he must place himself at 25 centimeters 
and examine with a plane mirror. — Generally it is necessary to 
dilate the pupil. 

There are two points in particular on which I would lay g^eat 
stress. First, the importance of the subjective examination 
which must always have the last word; it is only in cases in 
which it is impossible to obtain information from the patient, that 
we can attempt to give correcting glasses according to the data 
furnished by the objective methods. The reason is that, in 
most cases, the correction of the eye by a cylinder is not a simple 
optic problem. Most frequently the astigmatism is not the same 
in the entire pupillary space; that of the exterior zones differs 
more or less from that of the central zones ; the best correcting 
glass is only a sort of guess, which neither the ophthalmometer 
nor skiascopy can assume to indicate exactly. It is well under- 
stood that these differences are usually not g^eat, especially in 
the case of persons who consent to the correction, but they 
suffice, however, to make the subjective examination indispens- 
able. 

The other point which I would emphasize is that the prescrib- 
ing of cylinders should not be abused. Since the invention of 
the ophthalmometer there is too decided a tendency to prescribe 
cylinders as soon as a diagnosis of astigmatism is made. Cylin- 
drical glasses should not, in my opinion, be prescribed unless they 
produce a palpable improvement of the visual acuity; the wear- 
ing of glasses is always an annoyance for the patient, and cylin- 
drical glasses more so than any, as well on account of the diffi- 
culty of wearing them in eye-glasses as on account of the errors 
in the direction of the axis which opticians sometimes commit, 
the difficulty of replacing a broken glass, etc. 
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If there are several cylinders which give the same acuity it 
is best to choose the weakest. If there is astigmatism of only 
one eye, we may allow the patient to say whether he will have 
it corrected or not; generally he does not gain much by the cor- 
rection except in cases where there is a tendency to strabismus. 

If we combine two cylinders of the same strength by placing 
the axes parallel, they act like a cylinder twice as strong; if 
we place the axes perpendicularly to each other, they act like a 
spherical glass, and if the axes form an acute angle with each 
other the effect is the same as that of a sphero-cylindrical com- 
bination, the spherical and cylindrical strength of which vary 
with the angle. As we can obtain no other effect with two 
cylinders than with one cylinder combined with a spherical glass, 
the bi-cylindrical glasses are now abandoned. 

The variable cylindrical lens of Stokes was composed of one 
cylinder which remained fixed and another which could be ro- 
tated; we thus obtained a variable cylindrical effect, but the 
instrument had this disadvantage that the direction of the axis 
varied also. Javal remedied this by making the two cylinders 
rotate in opposite directions ; but, in spite of this improvement, 
the lens of Stokes has never been of any practical utility, because 
of the spherical effect which varies at the same time as the 
cylindrical, (i) 

We can always obtain the effect of a given sphero-cylindrical 
combination with the cylinder of contrary sign, by changing the 
spherical glass. A +5 spherical combined with a +3 cylindrical 
is thus equivalent to a +8 spherical with a — 3 cylindrical. 
Really, there is need, therefore, of only one kind of cylinder; 
there is also now a tendency to prescribe only concave cylinders 
which are combined with convex sphericals to obtain the effect 
of convex cylinders. By placing the cylinder on the side of the 
eye we thus obtain a slight periscopic effect. 

Periscopic glasses, which were invented by JVollaston, are con- 



(1) [This last defect has been overcome in the optometer of the translator. 
In this instrument two spherical lenses are so moved that the spherical effect, 
produced by the rotaion of the two cylinders is always neutralised by the con- 
trary spherical effect of the two spherical lenses. Thus a purely cylindrical 
action is obUined. See Annal9 of Ophthalmoloffy, Vol. Ill, No. 1.] — W. 
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cavo convex menisci the concave side of which is next the eye. 
Their advantage consists in this that the peripheral parts of 
the visual field appear more distinct because the rays pass 
through the glasses less obliquely than in the ordinary case. 
This advantage also exists when the eye is motionless as regards 
the peripheral directions of the look. For some time the attempt 
has been made to replace cylindrical glasses by toric glasses, one 
of the surfaces of which is cut as a tore, the other as a spherical 
surface. They have the advantage of being periscopic, but their 
manufacture is difficult and up to the present they are not very 
popular. 

Cases of exact correction of astigmatism are among the most 
agreeable which the oculist can meet, and it happens quite fre- 
quently that a normal acuity, or even higher than normal, may 
be obtained. Frequently the acuity remains under the normal, 
and there is a certain number of cases in which the effect of 
the glasses is nil or nearly so. Oculists are not in agreement 
as to the number of cases in which a good result may be ob- 
tained. Schweigger says that, in a considerable minority of 
cases of astigmatism the correction obtained by cylinders is 
quite satisfactory. Other authorities are less pessimistic. 
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CHAPTER X 

IRREGULAR ASTIGMATISM 

70. Oenertl Bemarki. — When we do not succeed in obtaining 
a normal visual acuity by means of spherical and cylindrical 
glasses, we generally attribute the cause of this failure to the 
retina — we diagnose amblyopia. — Sometimes, but, as a rule, 
quite rarely, the diminution of visual acuity is attributed to an 
irregular astigmatism, especially if it is visible by the deformities 
of the ophthalmoscopic or skiascopic images. But it is probable 
that the more we will study the optics of the eye, the more 
the diagnosis of amblyopia will give place to that of irregular 
astigmatism, which has served up to the present as the common 
term for all optic defects of the eye other than myopia, h3rper- 
metropia and regular astigmatism, that is to say, those which 
we can correct with test case lenses. For some time past the 
majority of works which have been published on the optics of 
the eye, have had for their object the improvement of the 
methods used to determine these defects as quickly and as 
exactly as possible. There is little probability that we can, for 
the moment, make progress of any importance in this direction ; 
these methods are, at present, very well developed ; it even seems 
to me that we bid fair to overstep the limit, in this sense that 
we can perceive a tendency to desire to determine these defects 
too exactly. Quarters of a dioptry are, indeed, superfluous for 
our test cases, and even half dioptries are only rarely indispens- 
able, except for very weak ametropias. So long as it was 
supposed that the refraction was the same in the whole pupillary 
space, we could imagine the possibility of determining this 
refraction with great exactness. But since we know that there 
are in nearly all eyes optic differences between the different 
parts of the pupillary space, and since these differences may 

reach several dioptries, the correcting glass must be regarded 
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as a sort of approximation which we cannot determine with 
perfect exactness. It seems that the construction of the eye 
is such, that the visual acuity is about 2 for a perfect optic sys- 
tem; but many eyes have optic irr^^arities which lower the 
acuity to i, to five-sixths, to three-fourths or still lower, and 
these irregularities are frequently still more pronounced in as- 
tigmatic eyes, which prevents complete correction. 

The study of these irregularities seems, therefore, destined 
to play a certain part in futtu-e works on the optics of the eye. 
As I have already remarked, we can study them with the kerato- 
scopic disc of the Javal and Schioetz ophthalmometer, and we 
can measure them with the optometer of Youngy which necessi- 
tates, however, on the part of the observer a certain amount of 
work to accustom himself to the instrument. But the best 
means of studying these irregularities is the following. 

76. Examination of fhe Eye wifh a Lnminoni Point. — ^We have 
already seen that the first authors who devoted their attention 
to the question of regular astigmatism, used the luminous point 
to find the meridians and to judge of the exactness of the cor- 
rection. Later, the luminous point was replaced by the star 
figure, which is in more common use for finding the meridians, 
but which gives information only on the astigmatism which can 
be corrected by a cylindrical glass. The forms under which a 
luminous point is seen furnish, on the contrary, fuller informa- 
tion: there is no optic defect of the eye which is not shown in 
these figures, sometimes, it is true, under a form which it may 
be difficult to interpret. This is why we have undertaken this 
examination at the laboratory of Sorbonne. As object we use 
a very small opening (0.2 mm. to 0.3 mm.), made in a dark 
screen, and on which is concentrated the light of a lamp or 
daylight. The patient, rendered myopic, gradually approaches 
the luminuous point while observing the form under which 
the latter may appear. We can also place the patient at a fixed 
distance, at one meter, for example, and virtually change the 
distance of the Ituninous point by placing concave or convex 
glasses before the eye; the patient must avoid as much as 
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g his accommodation. We can thus examine the 
lani of the refracted pencil throughout its whole extent, for, 
as for as the question at issue is concerned, it amounts to the 
9M»e whether the luminous point be fixed while the retina is 
4fa|teccd, or whether, the retina being tixed, we displace the 
i point. Most of the time the patient sees circles of 
1 presenting pretty exactly the form of the pupil, which 
»es according as the luminous point approaches the focus. 
Bvt near the latter, in front and behind, there is a part, the 
iJ>lniifii iifir part of the pctcil, where the circle assumes ir- 
regtdar forms. The round diffusion spots are alike in all; at 
xnaex we find some slight differences due to the form of the pupil, 
to 1 different distribution of the brightness of the circles, or to 
eo(t^>pic phenomena which I shall describe in the followirg 
chapter. But the characteristic part of the pencil differs so much 
in different persons that I have never met two eyes in which it 
vns alike, except, perhaps, in the two eyes of the same person. 




Fig. 8S. Forma under which a luDunoiiB point ia seen bj* a reguUr eye. 



4 
4 



77. Different Forma of Irregular Astigmatism. — We can dis- 
tinguish several groups: 
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1° In an ideal eye the characteristic part of the pencil is re- 
duced to a point. We sometimes meet eyes which do not differ 
much from this type, but they are rare, and all have an ex- 
ceptionaJ visual acuity (fig. 85), (r) It is besides clear that, 
all things equal, the better the eye the shorter the characteristic 
point of the pencil. 

2P Eyes regularly astigmatic should see figures similar to 
those of figure 77, but eyes so regular scarcely exist. In low 
degrees of astigmatism we scarcely ever have distinct focal lines, 
and in strong decrees, where the focal lines are clearer, irregu- 




I 



Fig. 80. Begular BBtigmatiBm with sphorical alwrratioti. After Sfe, 



larities appear when the astigmatism is approximately corrected 
by a cylinder. The most regular astigmatic patients frequently 
see forms analogous to those of figure 86. The focal lines are 
thicker at the middle and the interfocal diffusion spot is not 

(t) Figures S6, SS. 8T, S9, BO. 91. 92 ars borrowad tttxa ■ mirk wbtch U. RSe 

the rorma under which the tyt seea a luminous pole 

tram being exhiuMed, utid It would be desirable that 

It up In a cIlQlc, Wltb some eiceptlona, the ereii at the persons erunlnod br 

M. Rte wsre what we caU normal ejrea : but It U especlallr astigmatic persona, 

whose Tlalon doea not Improve with crllndera. that should be (Kunlaed. 



I all alias ahawlng 
le nueatlon Is tar 
should KgKin Uko 




Vig. 67. — Figures of a luminouB point obtained b; Fombining an ordi- 
nary strong spborical lena with a cylindrical lena (astigmatism with 
■pherieol aberration). After 'Sie, 




Tig. 88. — A, forms which a luminooB point presents to my right eyo 
(obliquity in one meridian, the vertical). — B, appearance of the samo 
figures if I cover the lower half of the pupil. — C, appearance of tho 
figures if I cover the upper half of the pupil. 

The figures a correspond to a distance of 60 centimeters ; the Sguna 
b to 1 meter; the figurea e to 1.60d> and the fignrei d to Inllai^, 
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circular, but in the form of a lozenge. These forms are due to 
the combination of a regular astigmatism with a quite pro- 




Ti^. 89.— Eje with double obliquity. After fi^e. 

nounced spherical aberration, for we can obtain forms wholI> 
analogous with a combination of a -\-20 sph. with a -f-^ cyl. of 




Fig. 90. — Figures of the left eye at M. Bie (Obliquity i 
the rertie«l). Corred focal line. 
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our test cases {fig. 87), It is for this reason that one is obligeJ 
to use an aplanatic lens to obtain figures of pure astigmatism. 
In the more irregular eyes we can generally find figures which 
represent more or less perfectly the focal lines, that is to say, 
there are two planes where the figures are more or less elongated, 
so that their two long axes are perpendicular to each other; Lur 
these figures are far from being linear. 




Fig. 91.— Curved focnl line. After Ste. 



j" It is not rare for the optic system of the eye to affect a 
certain obliquity, so that the figures are symmetrical in relation 
to a single axis (and not in relation to two axes, as in regular 
astigmatism). It is so in the case of my right eye {fig. 88) and 
also in that of M. Ree {fig. 90). These figures are, up to a 
certain point, anali^ous to those which are obtained with a lens 
placed obliquely. 
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4° Frequently we discover an obliquity in the two directions 
perpendicular to each other, so that the figures are not sym- 
metrical at all (fig. 89). 

5° An anomaly which is not at all rare consists in a. certain 
curvature of the focal lines, due probably to the fact that the 
principal meridians of the cornea show an analogous curvature 
(figs. 90. 91}- 




— Imgnlar eye (Diplopia). After Bfe. 



6° We quite frequently meet more irregular figures, those 
for instance of figure 92, belonging to an eye which has a rather 
pronounced diplopia. 



78. Sniea for Analyzing the Figures of the Luminons Point. — 

The figures are sometimes quite difficult to analyze. Here are 
some directions for this analysis: 

i'^ We can always decide whether a part of a figure is formed 
by crossed rays or not. by covering a part of the pupil. If it is 
the homonymous part of the figure which disappears, this part 
is formed by rays which have already crossed the axis before 
reaching the retina; if it is the heteronymous part which dis- 
appears, the rays have not yet crossed the axis. — Sometimes we 
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can with advanitage use cobalt glass (see page 134) for this 
analysis. 

2° If the luminous point is beyond the punctum remotum, and 
if the observer notices a concentric brightness on a part of the 
diffusion spot, this part corresponds to a less refracting part 
than the remainder of the pupil; for, the focus of this part is 
nearer the retina and its rays are, consequently, less dispersed. 

3*^ If, within the focus, the figures are elongated in one direc- 
tion, downwards for exam|de, they are elongated in the same 
direction beyond the focus, and the eye is more refracting in 
this direction. Thus in figure 95, A, in which the lower part of 
the surface is supposed to be more refracting, the part of the 
cone situated above the axis is everywhere larger. The dif- 
fusion spots are seen elongated downward (fig. 88). 

4° The aberroscopic phenomena (page 123) always tell us in 
what direction the refraction increases or diminishes, starting 
from the center of the pupil. 

Finally the optometer of Young permits a more exact analysis 
of these irregularities. 

Let us take, for example, my right eye (fig. 88), and see 
how we can use these rules to analyze the figures. We observe 
that the upper part of the figure d. A, seen at infinity, has a 
greater brightness than the lower part. On covering the upper 
half of the pupil, this part disappears, while, if we cover the 
lower half of the pupil, this part does not change. We conclude 
from this, following rule 1°, that the whole figure is formed 
by rays that have crossed the axis, that is to say, that the whole 
pupillary space is myopic, and, following rule 2°, that the 
upper part is much less myopic than the remainder. — If I move 
nearer up to 1.50 m. from the luminous point, I see the figure 
c which resembles a luminous T written in a less luminous half 
circle. If I cover the upper half of the pupil, the vertical stroke 
disappears and the horizontal stroke becomes weaker. We con- 
clude from this, following rule 1°, that the vertical stroke is 
formed by rays which have not yet crossed the axis. The point 
situated at 1.50 m. is, therefore, already situated within the 
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far point of this part, while it is situated beyond the far point 

of the lower part. All the figures are 

elongated downwards, which also shows 

(following rule 3°) that the pupil is more 

refracting below. The lines of the aberro- 

scope are convex towards the middle, below 

and towards the two sides, while they are 

straight or slightly concave towards the 

middle above (fig. gs), which shows that Pig. 93. — Abernweopit 

the refraction diminishes towards the peri- pli«w>«wM of mj 

phery above and increases in the three 

other directions. — Finally we find, by measuring with the 

optometer of Young, the refraction indicated by the diagram 

(fig. 94, A). The measurements confirm the other observations, 

unless it be that they disclose a slight degree of hypermetropia 

near the upper border of the pupil, which had escaped attention 

in the analysis of the figures. It follows that the course of 




KiJHintljt TeniwnllylB* 




Fig. 94. — ^A, Diagram of the Tariations of refraction in the pnpil (dilated) 
of mj right eye.— B, diagrain of the refraction in the pnpil of Demi- 
eheri: the dotted circle indicatee the normal pnpil, the full dtcle the 
dilated papU. 

the rays must be nearly as I have illustrated them in figure 95 ; 
A' corresponds to the vertical meridian, B to the horizontal 
meridian ; the place marked 2 corresponds to figure 88, c. 

As to the means to use for the correction of these defects, they 
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still remain to be discovered. The only information we can give 
for the present is that the forms mentioned under rule 3° could 
probably sometimes be corrected more or less effectively with 
glasses placed obliquely. — Contact glasses could evidently correct 
the greater part of these defects, which reside especially in the 




Fig. 95. — Oonne of the rays in my right eye: A, in the vertical meridian 
(obliquity); B, in the horizontal meridian (spherical aberration). 



cornea. As the cornea scarcely tolerates contact Sulzer caused 
to be cut similar glasses, which are furnished with a rim by 
which they are supported on the sclera. Under this form, con- 
tact glasses are easier to wear, but they seem nevertheless to 
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cause a certain annoyance, which will probably prevent their 
use, except in special cases. 



r. — Taeherning (M.). Die monoohromatiiohen Ahweichmi' 
gen. Zeitsohrift /. P»yoK u. Physiol, der Sinneearg., IV, p. 456. — ^B6e 
(O. M.). UndereoegeUe af Oeiet, med ei lysende PvnJct. (Danois). Copen- 
hagen, 1896. 



CHAPTER XI 

ENTOPTIC PHENOMENA 

— 79. Kanner of Observing Entoptio Phenomena. — ^When we ap- 
proach a luminous point, the circle of diffusion to which it gives 
rise increases in size. At the moment when the luminous point 
is at the anterior focus of the eye, the rays are parallel after 
refraction, and the circle of diffusion is the size of the pupil; 
on approaching nearer to it, the circle still increases. 

In these circumstances we observe entopic phenomena, that 
is to say, shadows which the corpuscles situated in the refracting 
media of the eye project on the retina. If, instead of a point, 
we use a larger luminous source, the cone of the shadow be- 
comes too short to reach to the retina, except the object is very 
near the latter. Ajiother way of observing entoptic phenomena 
consists in placing ourselves at a great distance and observing 
the luminous point through a strong convex lens. In this case 
the displacements of the shadows take place in the direction 
contrary to that which we are going to point out later. — Among 
the entoptic observations I shall cite the following: 

1° The luminous spot is limited by the shadow of the border 
of the iris; we can thus study, therefore, the irregularities of 
the latter. The pupillary contraction is very well observed on 
opening or covering the other eye. 

2° We very frequently see small circles the centers of which 
are bright, and which have an apparent motion from above 
downwards, depending on the winking of the eyelids. They 
are produced by small specks on the anterior surface of the 
cornea, and which move in a contrary direction (fig. 96). 

3° On winking the eyes we produce transverse striae, due 

probably to the wrinkles of the epithelial layer. If we wink 

for some time, for example when keeping one eyelid closed 

while working with a microscope, or as artists frequently do in 
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order to obtain a better idea of the entire impression of a land- 
scape, we can produce strix which last for several hours and 
give rise to a very marked diplopia of the horizontal lines (fig. 
97). George Bull especially has studied this question ; according 





Pig- 99 Fig. 97. — StrisB produced by winking 

After HelmholU. the eyelidg. (After George Bvll.) 

to him the phenomena are specially pronounced after reading 

for a long time in the horizontal position, and give rise to a 

peculiar annoyance which he has named tarsal asthenopia. 

^ 4" On winking the eyelids while looking at a distant luminous 

1 point, we observe long striae which run upwards and downwards 

\ from the point. These strise are due to the layer of tears which 
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Priamalic effect of the lajer of ttare. 



is in the conjunctival sac, and which, near the border of the 
eyelids, assumes the form of a prism with a concave surface 
(fig. 98). This prism deflects the rays which meet it, and, as 
its surface is concave, the parts placed near the border of the 
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eyelid act as a stronger prism, which causes greater deflection 
of the rays: it is for this reason that we see a stria and not 
simply a second image of the luminous point. The upper eyelid 
deflects the rays upwards ; it produces, therefore, the striae which 
we see directed downwards. In fact, if we lower a screen 
placed near the eye. it is the stria directed downwards which 
disappears first. This phenomenon is not, porperly speaking, 
an cntoptic phenomenon, but 1 mention it here because of its 
resemblance to those mentioned under No, 3°. 

5'' If we rub the eye, the luminous spot presents a speckled 
appearance, due to irregularities of the cornea; this appearance 
soon disappears (hg. 99). 

6° We sometimes observe small round discs, sometimes bright 
and surrounded with a black border, sometimes dark with a 
bright (fig. 100), sometimes dark, with somewhat more lumin- 
quently see also the star figure of the crystalline lens, sometimes 
bright {fig. 100), sometimes dark, with somewhat more lumin- 





Pig. 00. — Speckled appearance of the ent- After Helmholti. 

optic field proilueed by rubbing the Fig. 100. 

coroea. (After George BmH), 



ous borders. The crystalhne opacities are outlined in the spr.: 
with great distinctness. Ah intelligent patient can thus follow 
step by step the development of his cataract, as we can see on 
the drawings which M. Darter has just published {fig. lOi)- 






(After Darier.) 
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7" Nearly every one sees objects situated in the vitreous body ; 
they become partly visible without further aid by simply looking 
at the sky, that is when they are verj- 
I near the retina. They are sometimes 
I mobile, sometimes fixed, hut presenting 
I in the latter case an apparent motion. 
If, for example, the shadow is seen a 
little above the point of fixation, the 
patient looks a little higher in order to 
fix it; but as the shadow is always seen 
I above the point of fixation, it continues 
Pig, 101.— Incipient cata- to direct the visual line higher and 
intoptically. higher; and the shadow always flees 
before the look, for which reason the 
name tnuscm voliiantes has been given to this phenomenon. To 
make certain whether the motion is apparent or real, we can 
look at the sky through a window, on which we select a mark 
in order to assure fixation ; after having made a rapid movement 
with the look, we fix this point. If the corpuscle is fixed, it 
should then remain motionless, but most frequently we see it 
descend slowly which indicates that the corpuscle really ascends. 

8° We may use entoptic observation to study slight displace- 
ments of the eye as a whole, which it is very diflUcult to observe 
otherwise. To this end I have had constructed a small instru- 
ment, the entoptoscope (fig. loia), It consists of a small plate 
of wood which we take between the teeth; on the plate is fixed 
a rod which carries a plate of copper having the form of the 
cap of a sphere. In the middle is pierced a very fine opening 
(i/io mm.), which is on a level with the eye. In the concavity 
of the cap are stretched two threads, one horizontal and one 
vertical, placed in the form of a cross and forming cords with 
the cap. When we take the instrument between the teeth and 
look towards the sky we see the entoptic field occupied by the 
cross which is greatly enlarged. We select a point in the cross 
as a fixation point. The position of the cross is thus invariably 
dependent on that of the head; if therefore, in given circum- 
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stances, we observe a displacement of the cross in the entoptic 
field, it is because it is the latter, that is to say the eye, which 

suffers the displacement. We 
can thus prove that the eye is 
slightly displaced, a little up- 
wards when we wink the eye- 
lids, a little downwards when 
we open the eye very widely. 
When we lean the head to 
one side the eye undei^goes a 
slight displacement in the di- 
rection of the weight, etc. 
The phenomena are especially 
striking when we instill eser- 
ine, because the field is then 
very small. The displacement 
of the cross may then reach 
a fourth or a third of the en- 
tire extent of the field. 

^ 80. Analysis of Entoptic 

Pig. 101a.— Entoptoscope. a, plan- Phenomena. 

chette of wood; 6, rod; c, copper a). OBSERVATION OF THEIR 

plate, perforated; d, thread. Parallax (Listing) . — By 

fixing different points of 
the entoptic field, we observe that the entoptic phenomena are 
displaced in the field. If the corpuscle which gives rise 
to the shadow is behind the pupillary plane, the shadow 
moves in the same direction as the visual line (fig. 102, a, b). 
Taking the position b, the visual line is directed upwards; the 
shadow has descended to near the lower border of the field, but 
seems to have ascended (by the projection outwards). It is 
easy to see that we have the contrary parallax if the object 
is in front of the pupillary plane, and that it disappears if the 
object is in this plane. As the movement is greater in propor- 
tion as the object is more removed from the pupillary plane, we 
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can thus form an approximate idea of the position of the cor- 
puscle. 




€4/ 



Fig. 102. — Parallax of the entoptic phenonLena. 



b). Measurement of the Distance of the Corpuscle from 
THE Retina (Brewster, Bonders and Doncan), — ^To measure 
this distance Brewster proposed to use two luminous points. We 
then see two circles of diffusion which partly overlap, and each 
corpuscle produces two shadows. Wie measure the distance 
between the two shadows of the same object and the diameter 
of the free part of one of the circles DE (fig. 103) ; the ratio 
between these two measurements is equal to the ratio between 
the distance of the object from the retina and that of the pupil 
from the retina. 

Let A and B (fig. 103) be two luminous points which must 
be in the anterior focal plane of the eye, d the middle of the 
pupil, o the object, p and p^ the shadows and c and c^ the centers 
of the circles of diffusion. Since the points are in the focal 
plane, dc is parallel to op and dc^ to op^^ therefore: ^ = _^^ 

and figure 103 b shows that cCi=DE=R4- a if R is the radius 
of the circle of diffusion. — We can make measurements by using 
as a luminous source a sheet of white paper strongly illuminated. 
We look through two stenopaic openings towards this sheet 
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and we notice the places where the shadows are projected as 
well as the borders of the circles (Bonders). Doncan made the 
measurements a double vue by comparing the entoptic phenomena 
with a scale seen with the other eye. 




Fig. 103.— ^Detenmnation of the position of an entoptic object. After 

Brewater. 



c). Examination of the Refraction of the Object. — So 
far, we have treated the entoptic phenomena as shadows, and 
the objects which produce them as opaque bodies. Most fre- 
quently, this is not the case, as they are more or less transparent ; 
but their refraction is different from that of the surrounding 
parts, whether their surface has a different curvature, or whether 
their index is different. 

It is easy to see (fig. 104) that the more refracting objects 
must concentrate the light so that the entoptic image becomes 
luminous and surrounded by a dark border; this is the case 
with the images of the corneal specks. — On the contrary, if the 
object is less refracting than the surrounding parts, the image 
is dark, with a more luminous border. The diflFerence is specially 
marked in the case of the star figure of the crystalline lens, 
which, in some people, appears dark, in others luminous, thus 
indicating that the refraction of the corresponding parts is 
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sometimes greater, sometimes less than that of the surrounding 
parts. — If we make the experiment by placing ourselves at a 
g^eat distance, and making the eye strongly myopic, we should 
have the phenomena 'inverted. 




Fig. 104. — The drop on 'the cornea causes convergence of the rays which 
pass through it so that we see a luminous center surrounded bj ft 
shadow. 

In the experiment which we have just noted (fig. 104), the 
dark border is due to the fact that part of the rays which should 
illuminate it are made to converge towards the middle of the 
entoptic image, by the interposition of the corpuscle. This border 
is always diffuse and frequently somewhat pronounced; it must 
not be confounded with the diffraction ring which surrounds 
the images along the border of the pupil when the luminous 
point is very small. This ring, which sometimes may be double 
or triple, is always very thin and very distinct. 

Bl. Entoptio Observation of the Vessek of the Betina (Pur- 
kinje), — a). If, in a dark room, we hold a candle at some distance 
from the eye while we look directly in front, we see the retinal 
vessels greatly magnified projected on the dark portion of the 
room. They appear dark (of a deep blue) on a somewhat more 
luminous ground (orange). — If we move the candle towards 
or away from the visual line, the vessels seem displaced in the 
same direction ; if, on the contrary, we move the candle around 
the visual line, the vessels seem to move in the direction oppo- 
site to that of the candle. The fovea appears without vessels: 
in my eye it offers a kind of starlike appearance; in others 
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(Buraw) it appears as a luminous disc, limited by a crescent- 
shaped shadow. 

The explanation of these phenomena has been given by H. 
MuUer. By refraction there is formed at a (fig. 105) a retinal 
image of the candle; the part of the retina thus illuminated 
sends diffuse light in all directions. The vessel v intercepts the 
rays (W, so as to form the shadow b on the sensitive layer of 
the retina; it is this shadow that we see (the retina is repre- 
sented too thick on the figure; really the shadow is very near 
the vessel). Illuminated directly^ the vessel also form a shadow 




Fig. 105. — ^Entoptie observation of the vessels. (After H. Muller.) 

on the sensitive part situated behind it; but this shadow is not 
usually perceived, because it is always formed at the same place 
(and because the sensitive layer has thus become accustomed 
to it) or, perhaps, because the part of the retina which is behind 
the vessel, being always covered, is never fatigued and conse- 
quently remains much more sensitive, so that the little light 
which passes through the vessel produces as strong an impres- 
sion on this part as the full light on the remainder of the retina. 

It seems that the vessels form in ordinary circumstances 
negative scotomata, like the spot of Mariotte, although it may 
be difficult to observe them, except near the papilla, because of 
the instability of the fixation (see chap. XVIII). 

&). We concentrate with a convex lens the light of a flame on 
the sclera, as far as possible from the border of the cornea. By 
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bringing the focus scnnewhat on the sclera, we see dark vessels 
on an orange ground. The vessels move in the same direction 
as the luminous focus. On concentrating the light on the in- 
ternal part of the sclera we succeed in seeing the luminous focus 
itself under the form of a red sun near the external border of 
the visual field. 

The explanation is analogous to that of the preceding case. 
The light of the image of the flame, formed on the sclera, passes 
through this membrane and the choroid, and disperses in the 
interior of the eye where it forms vascular shadows at unusual 
places. — H, M tiller measured the distance ab (fig. io6), separat- 
ing two successive positions of the luminous focus, and the dis- 
placement aB of the shadow of a vessel corresponding to this 
displacement of the light. With these data, he calculated that 
the vessel should be 0.17 to 0.33 mm. in front of the sensitive 
layer. This experiment seems to prove that it is the layer of 
the cones and rods that is the sensitive layer, for the distance 
of the small vessels near the macula from the layer with the 
cones is very nearly the same (0.2 to 0.3 mm.). 

Another phenomenon, also due to the influence of the light 
which passes through the sclera and the choroid, is observed 
when we place ourselves near the luminous source, a window 
for exampe, so that one eye may be illuminated while the other 
is in the shade. After a little while we then observe, on closing 
the eyes alternately, that the white objects seen with the illumi- 
nated eye present a greenish tint, while they appear reddish to 
the other eye. The light which passes through the sclera and 
the choroid is colored red by the blood of the latter membrane. 
This red light "fatigues" the retina of the illimiinated eye, which 
has the effect of making white objects assume a greenish tint. 
The other eye sees them red by contrast. 

When we read in full sunlight, we sometimees see the letters 
vividly colored red. The phenomenon is probably of the same 
kind as the preceding. The red light, which passes through the 
membranes of the eye, comes to be added to the light which 
passes through the pupil. It is not sufikiently great to percep- 
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tibly change the tint of the white paper, brightly illuminated by 
the sun, but it colors red the black letters, which send back 
only very little of the white light. 

c). Looking at the sky through a stenopaic opening, we see 
very distinctly pictured the granulated ground and the delicate 
vessels which surround the macula; but 
the stenopaic opening must be kept in 
continuous motion, otherwise the phe- 
nomenon disappears. If we look at the 
sky without the stenopaic opening, the 
shadow of the vessel is too short to 
reach the sensitive layer. The same 
phenomenon is frequently observed 
when working with the microscope: 
when we illuminate the field with day- ^^ io6.-Entoptic ob- 
light, we see the vessels by placing the servation of the ves- 
eye at the ocular and giving it a to-and- »®^ ^7 iUumination of 
fro motion. The muscce of the vitreous aclera. 

body may also be very well observed in this way. 

W!hen making this experiment, as well as the preceding one, 
we sometimes see the vessels become luminous; this is due to 
the fact that the parts of the sensitive layer on which the shadow 
falls, in ordinary circumstances, are now exposed to the light, 
which acts much more strongly on these parts than on the 
remainder. 




82. Other Entoptio Phenomena. — a). Looking towards the sky, 
we very frequently see bright points which seem to move lively 
and then to disappear, giving place to others (Pur kin je). The 
phenomenon is often more pronounced if we look through a 
cobalt glass. This phenomenon is explained by the pressure 
which is exerted on the sensitive layer by a globule of blood 
which is stopped in a very narrow capillary, (i) 



(1) [Another and yery probable explanation of this phenomenon assumee that 
we observe In the little bright bodies some relatively empty capillary spaces, 
produced by small temporary local stoppages of the circulation In the capillaries 
of the retina. See the paper by the translator In the Ophthalmic Record, Febru- 
ary, 1900.] — W. 
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b). By ccHnpressing the eye for some time, we can see the 
retinal vessels and even notice the blood globules magnified 
about 50 times. The retinal vessels appear bluish; but, before 
perceiving them, we see those of the chorio-capillary membrane, 
red on a black ground (Vierordt, Laiblin). It seems that this 
experiment, which Young had already made, would not succeed 
with everybody. 

c), A pressure localized on a small part of the sclera gives 
rise to a phosphene which, like every other retinal impression, is 
projected in the opposite direction. Making the experiment in 
darkness, we notice that the phosphene has the form of a feebly 
luminous disc, surrounded by a bright border, corresponding to 
the inflection of the retina. With very prominent eyes Young 
succeeded in producing a phosphene corresponding to the 
macula: exteriro objects which were in the position of the 
phosphene were still visible, but presented very pronounced de- 
formities. — If we exert on the eye a pressure sufficiently strong 
and uniform, the entire visual field is darkened in consequence 
of the anemia of the retina. 

d). On making, in a dark room, rapid movements with the 
eyes, we observe two luminous circles corresponding to the 
places of entrance of the optic nerves and due to the traction 
produced by these nerves during the movement. 

e). On making an effort of accommodation in a dark room, 
we sometimes see a very large luminous circle, which is attri- 
buted to the traction which the ciliary muscle exerts on the 
interior membranes of the eye during accommodation (phosphene 
of accommodation of Czemtak). I did not succeed with this 
experiment. 

/). A weak electric current makes visible at the moment of 
closure the dark papilla on a blue ground, if the current is 
ascending; whitish blue on a dark orange ground if the current 
is descending: on opening the current we have the phenomena 
reversed. If the current is strong, we see all the colors of the 
spectrum mixed. 

g). On looking towards the sky through a Nicol prism, we 
see the brushes of Haidinger, an indistinct cross, one of the 
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Betides the ciliary corona most people see aroosd the entire 
luminous source a somewhat vivid diffraction ring A. presenting 
the colors in the well-known order: red outside, blue inside. 
The diameter of the ring (blue) is about 3 degrees. The space 
which separates it from the luminous source is filled with the 
ciliaty corona. 

Druauli and Salomonsohn have recently described a second, 
larger ring B (6 to 7 degrees in diameter), which seems to ap- 
pear in every one when the pupil is dilated. It presents the 
colors in the same order as the first, but it is more irr^ular. 
and composed of radial strix. Making these observations with 
monochromatic light, the ciliary corona presents itself under 
the form of a Itmiinous dust, which is concentrated towards 
the periphery so as to form the two rings which I have just 
described. Quite near the luminous source we see one or two 
black, very fine rings, due to diffraction by the border of the 
pupil 

The ring A is probably due to the epithelial cells of the 
cornea, and analogous to the rings which we observe on looking 
through a glass plate covered with grains of lycopodium. On 
covering a larger and larger part of the pupil with a screen, we 
see the entire ring become indistinct and disappear at once. 
Schioetz has shown that on exposing the cornea to the action 
of distilled water for some time, as in the experiment of Young, 
page 202, we observe a pretty system of rings, the first of which 
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corresponds almost to the ring A. We must note, however, that 
Dmault, on looking through a dead cornea, showed the existence 
of a ring, the dimensions of which scarcely differed from those 
of the ring A, and which was undoubtedly due to the endothelium 
of the membrane of Descemet: he could remove the entire 
epithelium of the anterior surface without producing the least 
change in the ring, which would, on the contrary, disappear as 
soon as he touched the endothelium. 

The ring B, which was previously described by Bonders, is 
due to the crystalline fibres which act as a grating. If we cover 
a part of the pupil with a screen, we see a part of the ring dis- 
appear while the remainder does not change. Druault succeeded 
in reproducing the phenomenon with dead crystalline lenses. 

The rings which glaucomatous patients see resemble these 
rings, but are generally larger (lo to ii d^prees). As the size 
of the rings is inversely proportional to that of the corpuscles 
which produce them, it is probable that the origin of the glauco- 
matous rings is to be found in the deepest layer of the corneal 
epithelium, the cells of which are much smaller than the super- 
ficial cells (Schioets). Placing a drop of blood in the conjtmc- 
tival sac we obtain a very pretty ring (diameter 7.5 degrees for 
the yellow) surrounded by a second paler ring. The space 
between the first ring and the light is not black, as for the other 
rings here described, but yellowish or maroon (Druault). These 
rings seem analogous to those sometimes seen by persons affected 
with conjimctivitis. 

t). I recently described a kind of entoptic phenomenon which 
I observed in the following circumstances. We surround a lamp 
with a transparent shade, made of some layers of colored tissue 
paper, for example. We place ourselves at some meters dis- 
tance, and interpose an opaque screen, in which has been cut 
a vertical slit, between the lamp and the eye; the distance of 
the screen from the eye may vary between 30 cm. and several 
meters. We close the left eye and fix with the right eye a 
point on the screen, situated near the right border of the slit. 
To begin, we hold the head so that the eye may be in darkness. 
Then we move the head so that the eye enters into the luminous 
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pencil which passes through the slit while maintaining fixation 
at the same place. At the same moment we see the phenomenon 
appear under the form of two blue arcs, feebly luminous, but 
bright, which go from the slit towards the position of the blind 
spot by turning around a fixed point (fig. io6fl). The phenome- 




Fig. 10 Bo. — Ent«ptic phenomenon. 



non lasts only a moment; an instant later the arcs become nar- 
row, the interior which was black is filled with a blue glow, 
and the whole disappears, to reappear again with the least 
motion of the eye. To see the phenomenon with the left eye 
it is necessary to fix the left border of the slit. 

According to a communication from D. CrselUlser the phe- 
nomenon was described by Purkinje in a publication which I 
have not at my disposal. It seems very prevalent ; among per- 
sons whom I have examined in this regard, I have met only a 
single one who has not been able to see it. The form of the 
arcs recalls the course of the nerve fibres at this place. The 
appearance resembles that of certain phosphorescent bodies, by 
the bluish color and by the impression which it gives of being 
feeble and yet bright at the same lime; we again find the 
same appearance for different other phenomena which we ob- 
ser\'e in darkness, for instance the after image of Purkinje (see 
page 292), the trace which the impression of a red coal leaves 
I on the retina, and so forth. 
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CHAPTER XII 

ACCOMMODATION 

83. Measurement of the Amplitude of Accommodation. — We 
have defined the amplitude of accommodation as the difference 
between the distances of the far point and the near point, meas- 
ured in dioptries. It expresses the value of a convex lens Which, 
added to the eye, would form an image of the near point at the 
position of the far point. 

For the determination of the near point it is necessary, on ac- 
count of the relation between acccxnmodation and convergence, 
which I shall discuss later^ to close the eye which we are not 
examining. In order to reach the highest degrees of accommo- 
dation, the patient is sometimes obliged to squint inwards^ and, 
if both eyes are open, the need of seeing single will prevent 
him from attaining the limit of his accommodation. In clinics, 
we generally confine ourselves to determining the shortest dis- 
tance at which the patient can read fine print. It is necessary, 
for this determination, to use very small letters, otherwise the 
patient may still read them within the near point, although see- 
ing the letters only indistinctly. — ^Another method consists in 
determining the strongest concave glass through which the 
patient can see distant objects distinctly (the table of visual 
acuity), since the concave glass forms an image of them so 
much nearer in proportion as it is stronger. We can also use 
optometers, that of Badal or of George Bull (i) for example. 

The determination of the near point is always uncertain, be- 
cause we can never know whether the patient makes a maximum 
effort or not. It succeeds especially poorly in persons of little 
intelligence, in children, etc. Anyhow, to determine it exactly 
is generally of little practical importance; if we desire an exact 



(1) The optometer of Bull resembles extemallj that of Young, enlarge<l. but 
the principle Is different We look through a lens of 6 D. without slits, and the 
line is replaced hj a series of small dominoes. The patient must simplj tell 
the most distant and nearest of these dominoes that he can see distinctly- 

192 
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measurement, we can instil eserine, but we thus obtain an 
amplitude slightly higher than that which the patient would 
attain, even when trying his best. 

For scientific researches it may sometimes be important to 
know exactly the amplitude of accommodation. We can then 
determine it with the optometer of Young, if the observer is 
master of his accommodation, that is to say, if he can make 
an effort of accommodation without fixing a near object. If 
not, the best means is to offer a hair in a ring, and to see how 
close we can move it to the eye before it appears dim. We may 
with advantage add this ring to the optometer of Young. 

The amplitude of accommodation diminishes in a very regular 
manner with age. Atcording to Danders, the diminution begins 
to make itself felt at the close of infancy. It is so regular, at 
least beginning at 25 or 30 years, that we can frequently deter- 
mine the age of the patient to almost within one or two years, 
by means of the optometer of Butt, for example. At the age 
of 47 or 48 years this diminution begins to manifest itself in 
emmetropes, by the appearance of presbyopia. In hypermetropes 
the presbyopia makes its appearance sooner; it appears later in 
low myopia, and myopes of a high degree never become pres- 
byopic, although the amplitude of accommodation diminishes 
in them as in every one else. In emmetropes it is very rare to 
find an exception to the rule laid down above, unless the pupil 
is very smalL If, therefore, a patient reads without glasses 
when over 50 or 55 years old, he must be myopic, if the pupil 
is of the ordinary size. 

Presbyopes do not suffer from accommodative asthenopia; 
when reading they are obliged to hold the book farther away, 
especially in the evening; the manner in which they hold the 
book, far from their eyes and near the lamp, is very character- 
istic. 

As to the choice of spectacles, it is clear that if we fix on a 
distance for work of 33 centimeters we are never obliged to 
give to an emmetrope glasses of a greater strength than 3 
dioptrics. But it is frequently useful, especially when the acuity 
is diminished, to choose a shorter distance for work, for ex- 
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ample 25 centimeters, corresponding to 4 dioptries. We fre- 
quently notice a tendency to give somewhat stronger glasses, 
which, however, cause only slight inconvenience. Thus, the 
series 

50 55 60 65 years 

+ 1 +2 -1-3 4.4 dioptries 

is, perhaps, a little strong, especially for high degrees. 

Paralysis of Accommodation. — We meet this disease es- 
pecially in children who have had diphtheria. If we learn that 
the child has not been able to read for some time past, although 
it sees perfectly at a distance, and if we do not find hyper- 
metropia, we may be almost certain that it has had diphtheria. 
The diagnosis of paralysis is verified when the child reads well 
with the proper convex glasses. Generally there are no other 
symptoms of ocular paralysis, among others no mydriasis. We 
prescribe convex glasses almost until the recovery, which gen- 
erally takes place in a space of two or three months. 

The second form of paralysis which we occasionally meet 
is that which forms part of a more or less complete paralysis 
of the third pair. It is usually accompanied by mydriasis and 
frequently by paralysis of external muscles. It seems, however, 
that it may exist without any complication. — In glaucoma and 
cyclitis, the diminution of the ampiltude of accommodation is 
frequently one of the first symptoms. 

Spasm of Accomm(h>ation. — There have been described two 
forms of spasm of accommodation. 1° As we have seen, one 
has been accustomed to diagnose spasm of accommodation when 
one found a weaker refraction after the instillation of atropine. 
The existence of this supposed spasm, which is always of a 
very low degree (0.50 to 1.50 D.), is very doubtful, since the 
diminution of refraction, after the instillation of atropine, may 
often be attributed to the weaker refraction of the peripheral 
parts of the optic system of the eye. 

2° We sometimes observe in hysterical patients a true spasm 
of accommodation, extending most frequently to the entire 
amplitude, and not to a small part, as in the preceding case. 
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These cases are rare ; they give rise to a transient myopia, which 
is generally complicated by monocular diplopia. 

84. Keohanism of the Aooommodation. Historioal, A. — Theor- 
etically, the eye could accommodate itself by one of the follow- 
ing mechanisms: 

a. Increase of Curvature of the Cornea. 

b. Increase of Curvature of the Crystalline Lens. 

c. Elongation of the Globe. 

These three h)rpotheses have found their adherents, as also 
have the two following which are theoretically impossible : 

d. Advance of the Crystalline Lens. i 

e. Contraction of the Pupil. 

As to the hypothesis d, we must note that, even if the crystal- 
line lens would advance so as to touch the cornea, this advance 
would not suffice to explain any considerable amplitude of ac- 
commodation. — The accommodative contration of the pupil was 
discovered by Scheiner. By looking through an opening a little 
smaller than the pupil, it is easy to convince one's self that this 
contraction is not sufficient to explain accommodation. 

Apart from these five theories, there have been proposed still 
others, much less plausible. Kepler, who was the first to pro- 
pound the problem of the mechanism of accommodation, sup- 
posed an advance of the crystalline lens, whilst Descartes was 
the first to suppose an increase of curvature of this organ. 

The theory of the change of curvature of the cornea found 
support in the measurements of this curvature made by Home 
and Ramsden towards the end of the last century. — ^The discus- 
sion continued until towards the middle of the century, and the 
false hypotheses on the nature of accommodation have even 
resulted in two beautiful discoveries. The theoretical researches 
of Sturm on the form of the astigmatic pencil were, indeed, 
undertaken to prove that accommodation did not exist: this 
author thought that distant objects were seen with the posterior 
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part and near objects with the anterior part of the focal in- 
terval. On the other hand, when Arlt discovered that myopia 
depended on the elongation of the globe, he was guided by a 
false idea on accommodation. He thought that the action of 
the external muscles produced an elongation of the globe, when 
one is forced to see close at hand; and, as it was known that 
myopia was a consequence of near work, he concluded that 
myopia must be produced by an elongation of the globe. On 
making an autopsy on some excessively myopic eyes, he proved 
the lengthening of the globe in these cases, and believed that 
he had thus confirmed his h3rpothesis. We now know that this 
form of myopia does not depend on near work, and that ac- 
commodation is not obtained by an elongation of the globe, but 
by an increase of curvature of the crystalline lens ! 

The question was decided by the observation of the changes 
of the images of Purkinje during accommodation, which prove 
that accommodation is effected by an increase of curvature of 




Fig. 107. — Centripetal movement of the catoptric image of the anterior 
surface of the crystalline lens during accommodation. (Discovered 
by Cramer.) 



the anterior surface of the crystalline lens. The discovery was 
made in 1849 by Max Langenbeck, but attracted scarcely any 
attention ; it was only after the beautiful researches of Cramer 
(1851-52) that the truth was definitely accepted. Cramer con- 
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structed an instrument which he called ophthalmoscope, with 
which he could conveniently observe the catoptric images of the 
crystalline lens, and it was easy for him to show that that of 
the anterior surface made, during accommodation, a quite ex- 
tended centripetal movement. This fact has been verified by all 
those who have examined the catoptric images during accommo- 
dation; it is due to the increase of curvature of the anterior 
surface. 

Let ABD (fig. 107) be the surface in a state of repose and 
C its center, AjBDj the surface in a state of accommodation 
and Cj its center, O an object (a lamp placed at a great distance). 
To find the position of the image, we draw OC (OCj) (suppos- 
ing that these are the apparent surfaces we need not take into 
account the corneal refraction). The image must be on this 
straight line, at an equal distance between the surface and center, 
at I for the surface in repose, at I^ for the surface in a state 
of accommodation. The observing eye sees the images pro- 
jected in the pupillary plane, it sees I at i and I^ at f, ; it sees 
the image, therefore, make a centripetal movement during ac- 
commodation. It is the same, whatever may be the position of 
the observing eye; there is only one point where it does not 
see motion, viz., when it is on the prolongation of line 11^: in 
this case the two images I and Ij overlap, and there is no ap- 
parent displacement. The line 11^ passes through the point B, 
the place where the two surfaces touch. This point B, towards 
which the apparent movement of the image takes place, whatever 
may be its position in the pupil, is usually situated a little 
outside the center of the latter; generally it is found almost on 
the optic axis of the eye. — ^Recently, Coronat again described 
the centripetal movement, whence he erroneously inferred a 
see-saw movement of the crystalline lens. 

The question of knowing by what change the eye accommo- 
dates itself for near vision being solved, it remained to be dis- 
covered by what means the change was effected. Cramer attri- 
buted the change to the contraction of the iris ; he thought that 
the iris in the state of repose was greatly swollen in front, and 
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became flattened during accommodation by a shniiltancons 
tractsoo of the si^iincter and dilatator. He thought that it ibas 
exerted^ a pressure on the peripheral parts of the aystalHiie 
lens, and that the ciliary muscle, contracting at the same time, 
exerted a traction on the choroid, which pushed the vitreous 
body forward In this way the crystalline lens, subjected to m 
pressure in its whc^ extent, except on the pupillaxy part, be- 
came swollen at this place. Several other theories, coooeived 
after that of Cramer, also involved the participation of the ins 
in the act of accommodation; they were necessarily abandoned 
when Graefe published his celdnated case of complete aniricfia, 
of traumatic origin, in which the amplitude of arrommodatian 
was intact. 

A short time after the discovery of Cramer, and without be- 
ing acquainted with bis work, which was published only in 
the Dutch language, Helmholtz made the same observation. He 
used as his object the distance between two lamps (or a lamp 
and its image formed by a mirror). During accommodatioii, 
the distance between the two images diminished considerably, 
which is easy to understand, since a sphere forms an image 
smaller in proportion as its radius is less. 

Helmholtz confirmed, moreover, the observation made pre- 
viously by Hueck, according to which the anterior surface of 
the crystalline lens advances a little during accommodation. He 
measured the thickness of the crystalline lens, which he found 
a little greater during accommodation than in a state of repose. 
He also measured two dead crystalline lenses, and found their 
thickness greater than that of the living crystalline lens in a 
state of repose. He further concluded that there was a slight 
liUTCttse of curvature of the posterior surface of the crystalline 
IvuH (luring accommodation. 
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The following are the numbers which he adopted for his 
schematic eye^ compared with those which he found for the 
dead eye: 

SOHUCATIO ETB DEAD ETB 

BadiuB of the anterior sarfaee. . 10mm 6mi>A lO.lGmm 8.87mni 

— — posterior sorface. 6nim 5.5mm 5.86mm 5.89mm 

Thickness 3.6mm 4mm 4.2mm 4.31mm 

Focal distance 43.71mm 33.79mm 45.14mm 47.44mm 

Total index 1.4545 1.4519 1.4414 

Later, he supposed for the schematic eye an index of 14371, 
which would give for the living eye in repose a focal distance 
of 50.62 mm. and for the eye in accommodation 39.07 mm. 

To explain the mechanism of accommodation Helmholtz an- 
nounced the following hjrpothesis, which he gave, however, only 
as probable: in a state of repose the crystalline lens is kept 
flattened by a traction exerted by the zonula. When the ciliary 
muscle, of which he considered the anterior extremity as fixed, 
contracts, it draws the choroid slightly forward, which relaxes 
the zonula. Having become free, the crystalline lens then 
swells by its own elasticity, approaching the spherical form. 

This hypothesis does not seem to have been at first generally 
accepted, (i) Hencke, and other authors, tried to explain the 
phenomena observed by other hypotheses. After having dis- 
covered the supposed circular fibres of the ciliary muscle, H. 
Mullet thought that this muscle changed the form of the crys- 
talline lens by a direct pressure, an idea which was abandoned 
when it became known that the ciliary body never touches the 
crystalline lens. 

On the other hand, the hypothesis of Helmholtz was strength- 
ened by the experiments which Hensen and Voetkers performed 
on dogs. They thrust very fine needles into the eye a little 
behind the ora serrata; on stimulating by the electric current 
the ciliary ganglion, they saw the free extremity of the needle 
describe a movement backwards, which proves that the choroid 



(1) Sm Donden. Afumukl^ of the RofractUm of ih€ Eye, London, 1864. 
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is drawn forwards. The phosphene of Csermak, which had 
also been seen by Purkinje, also indicates a traction forwards 
of the interior membranes of the eye. By examining eyes on 
which an iridectomy had been performed, Coccius also estab- 
lished during accommodation, phenomena which could militate 
in favor of the hypothesis of HelmhoUz (swelling of the ciliary 
processes, at least apparent diminution of the diameter of the 
crystalline lens, and an increase in the width of its border, that 
is to say, of the very peripheral part which is seen black with 
the ophthalmoscope). 

Thanks to these observations, thanks also to the ever in- 
creasing fame of Helvnkoltz, his theory ceased little by little to 
be disputed, and his followers, more loyal than the king, pro- 
claimed as certain what he had himself, with much reserve ex- 
plained as probable. (2) Thus, Mauthner declared the question 
of accommodation definitely solved by the theory of Helmholtz, 

Before explaining the mechanism of accommodation as I 
intend to, I must add some remarks to the historical explanation 
which we have just read, and which is classical, because there 
have been authors who have expressed ideas on accommodation 
in my opinion more correct than those in vogue up to the 
present time. First, I will make an objection. If it is true that 
the crystalline lens, in repose, is kept flattened by a traction 
exerted by the zonula, we should expect to find the dead crys- 
talline lens, taken from the eye in its capsule, in a state of 
maximum accommodation, or perhaps even still more swollen, 
since it is no longer exposed to any traction. The followers 
of HelmhoUz have, indeed, strongly insisted on the fact that 

(2) Great men are, Indeed, too reserved through fear of their followers. Helm- 
holtz formed the idea of comparing the cornea to an ellipsoid, and although he 
said intentionallj that the cornea does not resemble such a surface, this Idea 
has so taken root that it will be difficult to eradicate it. It is so also with his 
ideas of accommodation ; if we take the trouble to compare the cautious terms 
which he used, with the mode of expression of his followers, we shall see the 
difference. The participation of the posterior surface of the crystalline lens in 
accommodation, which everybody considers as certain, had for HelrnhoUz merely 
the character of a grand probability. — Measuring his three living eyes, he found 
for the crystalline lens a thickness about %mm. less than that of dead crystalline 
lenses ; and he added : "On the other hand, it seems to me very improbable that 
I have committed an error of a %mm. making these measurements." In the 
modem treatises we read, on the contrary: "If we remove the crystalline lens 
of the eye of a young person, we see it immediately assume a spherical form," etc. 
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he found the dead crystalline lens thicker than the living crys- 
talline lens in repose, although the difference does not seem to 
exceed the limit of error (see page 85) ; but, if we take the 
trouble of examining his ntunbers (page 199), we shall see 
that his dead crystalline lenses were by no means in a state of 
accommodation. He measured in all three living eyes and found, 
as radii of the anterior surface of the crystalline lens in repose, 
1 1.9 mm., 8.8 mm. and 10.4 mm., while for the dead eyes he 
found 10.16 mm. and 8.87 mm. His autopsies, therefore, by 
no means tell in favor of his h3rpothesis. 

It is so also in the case of the measurements which Stadfeldi 
undertook recently. He measured eleven living htunan crystal- 
line lenses in a state of repose, with the ophthalmometer; the 
radius of curvature of the anterior surface of the crystalline 
was on an average 10.6 mm., while the average of the same 
radius of the six dead crystalline lenses, taken from the eye 
in the capsule and measured with the ophthalmometer of Javal, 
without being exposed to any traction, was 11.4 mm. 

86. Keohanism of Aooommodation. Historioal, B. — ^It was 
Young who first demonstrated that accommodation was effected 
by an increase of curvature of the crystalline surfaces. More- 
over, he had more exact ideas on what happened during accom- 
modation than those which are actually now in vogue. He 
wrote his celebrated treatise on the mechanism of the eye in 
1801, and it is truly astonishing that nearly a century should 
have passed before bis book was understood and before we 
came to know as much as he. Before proving that the accom- 
modation is effected by an increase of curvature of the crystalline 
lens, he begins by showing that there can be question only about 
an increase of curvature, either of the cornea or of the crystal- 
lin lens, or of a lengthening of the globe, and he eliminates, as 
theoretically impossible, the other hypotheses which had been 
proposed. — Let us now pass to his analysis. 

a. Accommodation is not Effected by an Increase of 
Curvature of the Cornea. — Yowng proved this thesis by a 
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series of experiments, several of which closely approach our 
modem ophthalmometrjc methods. Observing the corneal 
image he did not discover the least change during acannmoda- 
tion ; he obtained, however, a very visible change by exerting a 
pressure on a peripheral part of the cornea, and this change of 
curvature is much less considerable than that which would be 
necessary to explain accommodation. 

It is evident that a change of the cornea sufficient to explain 
accommodation would have been very visible. Young, who ex- 
perimented with his own eyes, was at this time 27 years <Ad, 
and his amplitude of accommodation measured about 10 D. 
Actually, we can easily measure a quarter of a dioptry. 

His most conclusive experiment consisted in putting the eye 
under water (lig. 108) ; he took a weak objective of a micro- 
scope which had very nearly the same 
refraction as the cornea, filled the 
tube with water, and placed it before 
his eye also plunged into water. In 
these conditions, the action of the 
cornea, which was surrounded by the 
liquid on both sides, was eliminated 
and replaced by that of the objective. 
Now in this experiment the ampli- 
tude of the accommodation remained 
Pljf. 108. — Method of putting jntact. 
the eje omder water. (Af- . , t- 

ter Yomo I *' Accommodation is not Ef- 

fected BY AN Elongation op the 
Globe. — ^To prove this fact Young employed a method which 
he could use because he had very prominent eyes.^ He turned 
the eye inwards as much as he could, and apfdied a^inst its 
anterior surface a strong iron ring; then he thrust the ring of 
a little key on the external side between the eye and the bone, 
until the phosphene reached the fovea. The rings were kept 
at a fixed distance. Placed between the iron ring and that of 
the key, the eye could not lengthen. He should therefore, if 
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accommodation was effected by a lengthening of the globe, either 
find it abolished, or see in every case the phosphene, due to 
the pressure, extend over a much greater surface. But in these 
conditions the accommodation remained unaltered, and the width 
of the phosphene did not change. 

c. Persons Operated on for Cataract have Lost all 
Trace of Accommodation. — By measuring with his optometer 
persons operated on for cataract, Young easily succeeded in 
proving this fact. 

d. He then explained the direct proofs of the increase of 
curvature of the crystalline lens. It was to these experiments 
that I alluded when I said that he had, on accommodation, ideas 
which are ahead of our own time. I again performed these 
experiments some years ago, and it was by starting from them, 
by repeating them and adding others to them, that on the 
mechanism of accommodation I have come to form ideas which 
differ materially from those which have been current up to 
the present. 

It was impossible for Young to describe clearly the mechanism 
of accommodation, because at that time the non-striped muscle 
fibres were unknown, which kept him from suspecting the con- 
tractility of the body known later as the ciliary muscle ; he was 
thus led to postulate the contractility of the crystalline lens, 
an h3rpothesis which he soon abandoned. His researches in this 
direction necessarily could not but remain fruitless. 

The ciliary muscle was discovered, at the same time and 
separately, by Bowman and Bruecke (in 1846). Ideas on the 
structure and function of this muscle have varied considerably. 
Sometimes the anterior extremity. Sometimes the posterior ex- 
tremity has been considered as fixed; sometimes the mobility 
of both extremities was taken for granted {Bonders) y sometimes 
both were considered fixed. The oldest descriptions seem to be 
the best, especially that of H. Muller; most of the modem 
works seem influenced by the hypothesis of Helmholts. Ac- 
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cording to H. MiiUer, we must distinguish between a longer 
superficial part (fig. 109) 
composed of longitudinal 
fibres which are inserted in 
front on the sclera, near 
the canal of Schlemm, and 
which are lost behind in 
the choroid, and a deep 
part, also composed in 
jgjreeter part of longitud- 
inal, but shorter, fibres, and 
not going so far either in 
front or behind, as the 
superficial fibres. These 
fibres are not inserted in 
the sclera. The deepest 
layer is composed of 
oblique or even circular 
fibres. MuUer thought that 
)they formed a true sphincter, but the eodstence of such a 
sphincter is by no means proved; after holding for some time 
a circular direction, these fibres seem to change their course 
and to continue in the deep longitudinal fibres. It seems that 
at least a part of the deep longitudinal fibres ends thus ; others 
seem to end free, without insertion, in the part of the muscle 
which goes towards the anterior chamber. 

By dividing a hardened eye into two halves by a longitudinal 
section, we easily discover the small white trian^e of the ciliary 
muscle. If we then exert a traction upon the iris in order to 
separate the ciliary body from the sclera, we do not tear the 
muscle from its insertion near the canal of Schlemm, but we 
divide it into two leaflets, both of which end, behind, in the 
choroid. In the fresh eye there also always remains a part 
of the muscle adhering to the sclera as Matinhardt had already 
observed. When making this experiment we produce an appear- 
ance which forcibly recalls the ciliary muscle of certain animals 



Tig. 109.— CUifti7 miiMle of muu 
(After H. UiiOer.) 

a, eoniea; i, aekn; e, irta; H, dliuy 
pneem; », canal of Behlemm; /, 
longitadinal flbrea; g, drenlar 
flbna; A, traaaitional flbret of tbe 
eilUuj mnaele. 
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1 which the muscle is divided 



Cthe cat, for example, fiff. no), 
in front into two 
parts separated by a 
prolongation b a c k - 
wards of the space 
of Fontana. 

Among the authors 
who have reached a 
result diflferent from 
that of HelmhoUs, I 
shall mention Mann- 
hardt, who, by a 
study of the compara- 
tive anatomy of the 
ciliary muscle, reach- 
ed the conclusion that 
it is the posterior ex* 
tremity of the muscle 
which should be con- 
sidered as fixed, and ^- im.— Ciliwy part of the eye of a cat. 
. ... «, CUiarr nwaole dlTiding in front into 

that accommodatiMI „^ ,^,„. ^ ,^ ,, j^^. „^ „^ 

must be produced by a, iris. 

a traction exerted t^ the ciliary muscle on the zonula. He was 
vigorously attacked by H. MiHter, and his work scarcely at- 
tracted attention because it could not be considered that a traction 
on the zonula could produce an increase of the curvature of the 
crystalline surfaces. We cite, moreover, the remarkable obser- 
vations of Foerster (1864), according to which the tension 
diminishes in the anterior chamber during accommodation. He 
observed several patients in whom he performed paracentesis 
so that the iris and crystalline lens were nearly in contact with 
the cornea. When the patient made an effort of accommodation, 
the middle of the cornea became depressed to assume its dd 
form by the relaxation of the accommodation. It must be noted, 
however, that the phenomenon persisted after instillation of 
atropine. In persons having a corneal fistula he obtained an 
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almost immediate effect frtrni atropine by placing a drop in the 
conjunctival sac and making an effort of accommodation, the 
liquid being sucked into the anterior chamber by the diminution 
of tension. These beautiful observations, which Arlt declared 
equivalent to physiologic experiments, are scarcely explicable 
by the theory of Heimholts. 

86. Personal ExperlmentB. — Finally I come to my own expert* 
ments on accommodation: the first (i°) are derived from the 
statements of Young. 

, 1° The amplitude of accommodation diminishes towards the 

periphery of the pupil. 

P n. Aberroscopic Phenomena. — We have already seen that 
with the aberroscope (see page 122) most persons see the 



Fig. 111. — Change of aberroscopic phenomena during accommodotion. 
I, Bepoae. II, Ae«onuaodatioD. 

' shadows concave towards the periphery. But, on making an 
effort of accommodation, the form of the shadows change: they 
turn their concavity towards the middle, which indicates that the 
refraction increases towards the middle (fig. 11 1). After what 
we have said on page 118 it follows that the central refraction 
must have increased more than the peripheral refraction. 

Some people in a state of repose see shadows straight or 
^htly concave towards the middle. In such people this de- 
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formity becomes still more pronounced during accommodation. 
b. Change of the Circle of Diffusion. — If we observe a 
distant luminous point, after having made the eye myopic, it 
appears under the fonn of a luminous disc, the brightness of 
which is generally uniform or concentrated at the middle. Dur- 
ing accommodation we see it change its appearance ; we see a 
feebly luminous disc surrounded by a bright border. According 
to the explanation given on page 117, this observation means, 
like the preceding one, that the spherical aberration is over- 
corrected during accommodation, that is to say, that the central 
accommodation is greater than the peripheral accommodation. 
Although accommodation may increase the refraction of the eye 
by many dioptrics, the circle of diffusion increases only slightly. 




at least when the pupil is dilated. Figure 112 shows the ap- 
pearance of the circle of diffusion of an emmetropic eye; ren- 
dered 8 D. myopic by a convex lens, this eye sees the circle of 
diffusion represented by a, figure 113, while b, same figure, repre- 
sents the form under which it sees a luminous point by making 
an effort of accommodation of 8 D. without a lens. The pupil 
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was dilated. The explanation of the phenomenon is easy: let 
us imagine the pupil and circle of diffusion divided into cor- 
responding zones; it is clear that if the accommodation is every- 
where the same, all the zones of the diffusion circle ought to 
increase, while, if the accommodation diminishes towards the 
periphery, the outside zones increase little or nothing and the 
central zones, on increasing, come to partly cover the peripheral 

a b 
Fi({. 113— The Bome eye aa in figure 112. 
a. Appearance of the luminous point, the ojo being remioreil myopic 8 D. 
with a convex lena (Repose), b, Appearance of the luminotu point, 

3.3 D. 

zones. This is the reason why the circle of diffusion is sur- J 
rounded during accommodation with a bright border, without ^M 
increasing much in diameter. ^| 
c. Measurement with the Optometer of Young. — The ^M 
optometer of Young enables us to measure directly the differ- ^M 
ence betwen the central accommodation and peripheral accom- ^^ 
modation. 


1 
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We measure the central accommodation with the two nearest 
slits (see page 122)^ which we place as nearly as possible at the 
middle of the pupil, and the peripheral accommodation with the 
triangular plate which we lower just enough to be able to see 
see the two lines. In this way we prove that at the border of the 
pupU (supposed to be five millimeters) the amplitude of the 
accommodation is only half the central accommodation or still 
less. If, after having dilated my pupil to the tUmost (with a 
mixture of cocaine and homatropine), I use an interval of 7 
millimeters, my accommodation which, at the middle of the 
pupil, is 2.5 D. to 3 D., diminishes nearly to zero (0.2 D.) on 
the borders. Here are some measurements: 

Central amplitude Peripheral amplitude 
(interral 0.75 mm. ) . (interral 5 mm. ) . 

Young 0.8 D. 4.2 D. 

Koster 8 D. 3.3 D. 

Demieheri 7.5 D. 3.7 D. 

— 6 D.(l) 3 D. 

— 4 D.(l) 2 D. 

Mme T 6.7 D. 3.8 D. 

Taeheming 3 D. 1.25 D. 

We find still more considerable dififerences between the central 
and peripheral accommodation, by placing the two slits sometimes 
at the middle of the pupil, sometimes near the borders : 

AlCPUTUDB or ACCOICICODATION 

Temporal border. Center. Nasal border. 

Demieheri (Homatropine) 6 D. 2D 

— — 4 D.(l)i D. 

Mme T 6 D. 6.7 D. 5 D. 

Tscheming (Homatropine) 0.25 D. H D. 

d, Skiascopic Examination. — Observations a and b are easy 
to make, but they require that the observer be young, that his 
pupil be well dilated and that he be master of his accommoda- 
tion ; observations with the optometer of Young, as well as those 
with the ophthalmometer, which I shall describe forthwith, are 
quite delicate and require special instruments. But we possess 
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I skiascopy with a luminous point a very convenient means of 
studying the nature of accommodation. To make the observation 
f we select a child or a young person whose pupil is well dilated 
1 with cocaine. It is better to select a person whose pupil is well 
dilated, who is almost emmetropic, and who has not too much 
aberration in a state of repose. We place the lamp, surrounded 
with its perforated screen, at one side of and a little behind 
the observed person and we project light on his eye by means of a 
L concave mirror, which forms the image of the opening at 15 to 
I so cm. from the observed eye, in which position we place a 
mark of fixation. As long as the observed person does not 
accommodate, the condition of Jackson is not fulfilled, and we 
see the pupil entirely illuminated, but at the moment when the 
observed person fixes the fixation mark the ring of over-corrected 
aberration appears with all desirable distinctness. The phe- 
nomena is especially striking if we compare the appearance of 
the accommodated eye with that of the non-accommodated eye. 



I Vig. 113a. — Skiaacopie exaTnination of accommodation, a. Appearance of 
the emmetropic eye made myopic with a lens of -[-5 D. b, Appear- 
anc« of the same eye, accommodating 5 B. without lens. 



I made myopic with a convex glass (fig. 113a), We have observed 
(page 119) that we see luminous, under these circumstances, the 
parts of the observed pupil which send light into the observing 
I eye. Placed at 50 cm. the existence of the ring indicates, there- 
k fore, that there are, towards the borders of the pupil, parts, the 
\ myopia of which does not exceed 2 D., for otherwise the rays 
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proceeding from these parts would have already crossed the 
axis, and would not enter into the observing eye. To determine 

• ••• 



Pig. 114. — Heilectiott imBgeB, on the anterior Burf&ce of the pryatalliive of 
taj right e;e, of three lamps jilaced on a. horizontal line, a, in a 
state of repose; hi b, bi, in different stages of OMommodatioD. 
Highest aceonunodation 3 D. with coeaine- 

the degree of aberration produced by accommodation, we ap- 
proach nearer and nearer the point of fixation ; the ring becomes 
thinner and thinner, but it is rare that it disappears completely 
before the accommodation attains a very high degree, I have 
thus shown that a central accommodation of 8 D. accompanied 
a peripheral accommodation of 2 D. in a case in which the pupil 
was very large. The condition was, therefore, still more pro- 
nounced than in the cases which I examined with the optometer. 
The phenomena may present themselves a little dilTerently if 
the positive aberration is very pronounced in a state of repose, 
but on making the calculations we obtain the same result. 

2° During accommodation the anterior surface of the crystal- 
line lens increases in curvature at the middle, while it is flattened 
towards the periphery. 

I place the arc of the ophthalmophakometer horizontally, and 
attach three incandescent lamps to it, so that they are on the 
same horizontal line and just far enough apart for all three 
images formed by the anterior surface of the crystalline lens 
to be visible in the pupil. 1 direct the look of the observed 
person so that the three images are situated near the upper 
border. In a state of repose they are arranged in a straight line 
(fig. 114a) or following a curve slightly concave towards the 
center (fig. 115 A) ; during accommodation, they form a curve 
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convex towards the middle (fig. 114 b^, b^, b^, 115 B), and the 
curvature of which is more pronounced in proportion as the 
accommodation is greater. 





Fig. 115. — ^Reflection images of the right eye of Mme T. — ^A, in a state of 
repose; B, during aceommodation (after a drawing of Professor 
Koiter), — a, eomeal images; h, images of anterior surface of the 

i crystalline lens. Accommodation of 6 D. 



It is easy to see that this phenomenon indicates a greater 
curvature at the middle than towards the periphery: indeed, let 
us suppose for an instant that we have added three other lamps, 
which would form their images near the lower border of the 
pupil, and let us consider as objects the distances between the two 
lamps situated on the same vertical line. We would thus have 





Repose 



AeeomnK>datio<i 



Fig. 116. 



three equal objects, the images of which would be of the same 
size in a state of repose {aa, fig. 116), which indicates that the 
curvature is the same everywhere; but, during accommodation, 
the image (&, fig. 116) of the middle is considerably smaller 
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than the other two, 6, A,, which indicates that the curvature is 
greater at this place. 

We obseire an analogous phenomenon on the cornea, in cases 
of keraloconus. The keratoscope of De [Vecker and Masselon 
is foimed by a white square on a black ground. On examining 
a case of keratoconus with this instrument, and causing the look 
to be so directed that the apex of the keratoconus coincides with 
the axis of the instrument, we see the sides of the image of the 
square assume the form of curves turning their convexity to- 
wards the middle (fig. 117). 

We might think, from these phenomena, that the curvature 
of the peripheral parts increases during accommodation, but less 
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Fig. 117. — Deformity of the comeftl image of a white gquai 
keratoconuB. (After Mataelon.) 



than that of the central part. Nothing of the kind: the peri- 
pheral parts undergo a real flattening which causes, however, 
an increase of refraction. To understand this fact, which might 
appear paradoxical, we must recall what I have said on page 17 
on refraction by surfaces of the second degree. Outside of the 
axis, it is the normal and not the radius of curvature which, for 
refraction (and also for reflection), plays the part of the radius 
of the sphere, supposing that the luminous point (or, in the 
case of reflection, the observing eye) is on the axis, 
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In figure ii8, BDE represents a curve of the second degree, 
AF its axis, BH the radius of curvature at the point B, BG 
the nortnal at this point and the dotted curve a circle drawn 
with BG as radius. The luminous ray AB is refracted in the 
direction BF, exactly as if the surface were replaced by the 
circle BE. 

The measurements which we have made with the optometer 
of Young enable us to calculate approximately the form of the 
surface, and the calculation will explain at the same time what 
I have just said. Let us suppose that all the accommodation is 
effected by the anterior surface, and let us take the experiment 
of Demichefi as an example. He had, at the middle, an accom- 




Fig. 118. — ^Refraction by a parabolic surface. 

modation of 7.5 D., at 2.5 mm. from the axis an accommodation 
of 3.7 D. Let us suppose 10 millimeters for the radius of the 
anterior surface in a state of repose and 1.06 for the index of 
the crystalline lens in relation to the aqueous humor. We express 
the refraction of the surface by the inverse of the anterior focal 
distance ^=.!^ = ^^^^^ =6 D. During accommodation the cen- 
tral refraction increased 7.5 D. ; the refraction of the surface 
would be, therefore, at this place 13.5 D. Whence we obtain 
the radius po by the formula ?j=J:==£:25= 13.5 D., which gives 
/>o=4.44. At 2.5 mm. from the axis the accommodation was 
3.7 D., the refraction of the surface in a state of accommodation 
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6 D. +3*7 D.=9-7 D., and the normal N, at this place, would 
be found by the formula *""^ =9.7=-?^, which gives N=6.i 

N N 

mm. We can then find the radius of curvature p, at this place, 
by the formula p=s^, which holds good for all surfaces of the 
second degree. It gives p=i2 millimeters. Wie see that the 
surface is already flattened at this place during accommodation, 

and it is manifestly flattened 
still more farther towards the 
periphery. If a small part of 
the accommodation is effected by 
the posterior surface, as is prob- 
able, the flattening of the an- 
terior surface towards the peri- 
phery must be still greater, for 
it is probable that the part of 
the accommodation which is due 
to the posterior surface dimin- 
ishes relatively much less quickly 
towards the periphery. Suppos- 
ing that the portion of the ac- 
commodation due to the poster- 
ior surface be i D., as well at 
the center as near the border of 
the pupil, we would have for 
the anterior surface ^0=4.8 
mm., ^=14.2 mm. The surface 
would have the form of a quite 
flattened hyperboloid (fig. 119), 
the apex of which would corre- 
spond very nearly with the optic 
axis of the eye, and would be 
found a little outside the visual 
line. It is interesting to observe 




Fig. 119. — ^Defonnity of the crys- 
talline surfaces during accommo- 
dation. The full curres indicate 
the shape in a state of repose, 
the dotted curres the accommo- 
datiye shape. (Accommodation 
7 D.) 



that among all the surfaces of 
the second degree having ^0=4.8 mm., it is this hyperboloid 
which most nearly approaches the form of the surface in a state 
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of repose. Accommodation is effected, therefore, by a minimum 
deformity. 

3° By placing the cursor A of the ophthahnophakometer 
above the telescope, and requesting the observed person to look 
towards the latter, we observe, when he makes an effort of 
accommodation, the following phenomena (fig. 120) : 

I. The image of the anterior surface of the crystalline descends 
quickly towards the corneal image, and is finally hidden behind 
the latter. It is this displacement which has been described by 
Cramer. Towards the end of this phase the pupillary contrac- 
tion begins. 

II. This movement ended, the small image of the posterior 
surface of the crystalline descends in its turn by a slow and 
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A B 

Fig. 120. — The four apparent phases of accommodation. # Corneal image. 
— O Image of the anterior surface of the crystalline. — ' Image of 
the posterior surface of the crystalline. A, accommodation; B, 
relaxation. 

abrupt movement. Its displacement is much less than that of 
the large image ; and, while the latter moves in a straight line, 
the small image is displaced in a curve with its concavity turned 
towards the middle. The pupillary contraction is greatest dur- 
ing this phase. 

III. When the observed person relaxes his accommodation, the 
small image again ascends to resume its old place with a quick 
movement, as if moved by a spring. 

IV. This movement ended, the large image re-ascends in its 
torn ; its movement is rather slow, and as if hesitating. 
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The accommodative phenomena seem, therefore, to take place 
in two steps. 

During the displacement of the small image, the large one 
is concealed behind the corneal image, so that we cannot see 
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lig. 121. — Bight eje of Mme T.— 'Displacemsnts of the image of the 
posterior surface during accammodatiun, observed with the ophthal- 
mophakomettr. C, bj fixing tbe telescope; D, by looking to the 
right; G, by looking to the left; H, by looking upwards; B, by 
looking downwards. — The large white spot is the corneal image, the 
two small white spots indicate the position of the image of the 
posterior surface of the CTystalliiie in a state of repose and during 
accommodation. The arrons indicate the direction of the displace- 
ment nhich takes place when an effort of accommodation is made. 

whether it is displaced or not ; it is not easy to find a direction 
of the look such that we can follow the two crystalline images 
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during the entire accommodative displacement. Sometimes they 
are concealed behind the corneal image, sometimes behind tlie 
iris. I have^ however, succeeded in doing so by using two lamps, 
one for each image; in this way, we can satisfy ourselves that 
the large image undergoes a slight displacement downwards at 
the same time as the small one, but this displacement of the 
large image is concealed by the corneal image when we perform 
the experiment as I have just described. It is especially easy to 
observe the disfrfacement downwards of the large image, if the 
direction of the look of the observed person is such that the 
image in repose is placed near the internal or external border 
of the pupil. The movement of Cratner then takes place in a 
horizontal direction. Having reached the end, the image makes 
a bend, becoming displaced a little downwards, but this latter 
displacement is much less than that of the small image. I 
may add that the small image is displaced downwards, whatever 
may be its position in the pupil (fig. 121), which indicates that 
the cause can be sought neither in the increase of curvature of 
the surface, nor in a displacement forwards or backwards of the 
crystalline lens. But this displacement downwards of the image 
is combmed with a quite small centripetal displacement, which 
also takes place whatever may be the position of the image in 
the pupil, and which is probably due to a slight recession of ihe 
posterior surface. 

The observation has again been made by Hess and Heine. 
They have found that the displacement of the small image takes 
place downwards, whatever may be the position of the head; if 
we lean the head on the right shoulder, the displacement of the 
small image takes place towards the side which is downwards, 
that is to say, for the right eye towards the temporal border of 
the pupil, for the left eye towards the nasal border. I was able 
to verify this observation, which seems to indicate that the change 
takes place under the influence of the weight. Hess also ob- 
served that an entoptic figure, situated on the posterior surface 
of the crystalline lens, is displaced downwards by a maximum 
accommodation, whatever may be the position of the head. 

4® Other Phenomena Accompanying Accommodation. — We 
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have seen that Hueck discovered a slight advancement of the an- 
terior surface; Helmholtz confirmed this observation. It is 
possible that we may sometimes meet such a displacement, al- 
though the experiment of Helmholtz did not succeed very well 
with me, and although I am not sure that his observations do 
not admit of another explanation. In the eye with which I have 
made my experiments, the anterior surface did not advance ; the 
part corresponding to the pupil did not change its place, but 
the part covered by the iris receded with this membrane. There 
is formed during accommodation, at the anterior surface of 
the iris, a circular depression (fig. 122), the peripheral border 
of which, corresponding to the ciliary body, rises in a peak, 
while the central border presents a very gentle slope, corre- 
sponding to the anterior surface of the crystalline lens. I 
commend this observation, which was already made by Cramer, 
but which has often been regarded as proving an enlargement 
of the anterior chamber in the angle of the iris; it is easy to 
see that the most peripheral parts of the posterior partition of 
the anterior chamber do not recede. The phenomena are not 
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Fig. 122. — Change of the anterior chamber daring accommodation; 

a, repose; h, accommodation. 

always equally pronounced, but' we can nearly always find at- 
least a trace of them in young subjects. We can make the ob- 
servation by oblique illumination, but the use of the magnifying 
glass (monocular) is not to be recommended; binocular vision is 
necessary in order to properly account for the change in the 
level of the iris. When the phenomenon is quite pronounced, we 
thus obtain a quite distinct idea of the conical form which the 
anterior crystalline assumes during accommodation. 

As to the posterior surface of the crystalline lens, its changes 
are less manifest. We have seen that the catoptric phenomena 
seem to indicate a slight increase of curvature. The posterior 
surface remains very nearly in its place during accommodation; 
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sometimes, however, we observe phenomena which seem to in- 
dicate thst it recedes a little. 

The much-discussed question of knowing whether the thick- 
ness of the crystalline lens changes during accommodation is 
very difficult to decide, because the change, if it exists, does 
not exceed the limit of an error of observation. Influenced, 
perhaps, by the observation of Helmhotlz, I had thought an 
increase of thickness established. Recently I took up the subject 
anew in collaboration with Professor Koster; we went to much 
trouble without being able to reach a definite result. 

87. The Anthor's Theory of Acconimodatloii.^After the ob- 
servations which I have just described in the preceding paragraph, 
and which can be briefly expressed by saying that accommoda- 
Hon is effected by the temporary formation of an anterior lenti- 
conus, the hypothesis of Helmholt:^ does not seem tenable ; for 
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I (he anterior tvrface of the dead crystal- 
t«ri B and C, tawarda the bnrdera. 



it is not easy to conceive how such a mechanism could produce 
a flattening of certain parts of the crystalline lens and at the 
same time an increase of curvature of the other parts. 

I have already observed that the curvature of the anterior 
surface of the crystalline lens of the dead eye corresponds with 
that of the living crystalline lens in a state of repose, and not 
at aU with the accommodated crystalline lens. But the difference 
between the dead crystalline lens and the accommodated crystal- 
line lens is still more striking, if we consider not only the curva- 
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ture at the middle, but the form of the entire surface, because 
the anterior surface of the accommodated crystalline lens is 
flattened towards the borders, as I have just explained; in the 
dead eye the curvature, on the contrary, increases considerably 
towards the borders, the surface having the form of an ellipsoid 





^v,. 



B 



Fig. 122&. — ^A, the dead eryBtalline lens; B, the aeeommodated crystalline 
lens. The dotted lines indicate the form of the surfaces of the 
second degree, to which the majority of crystalline surfaces most 
nearly approach. 



of revolution around the short axis. This fact, which was al- 
ready established by Krause, (i) is especially very striking if 
we examine the eye with the ophthalmometer, as I explained on 



(1) Helmholts Baems to have been led into error by the celebrated measure- 
ments which Jean Louis Petit had made at the commencement of the eighteenth 
century. Most of the measurements of Petit are very exact, but those of the 
curvatures of the surfaces are without any value. He had a series of copper 
plates cut in the form of arcs of circles of different radii. His only means of 
determining the curvature of the surfaces of the eye consisted in finding the 
arc of the circle, which seemed to him to conform to the surface . The measure- 
ments of Krause are astonishingly good if we consider the manner in which 
he made them. He cut a fresh eye in two, along the axis, placed one-half of 
it in water under a micrometer and examined with a microscope of little magni- 
fying power. 
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page 74. The most usual way is to remove the prism, and ob- 
serve the image of the keratoscopic disc. As long as the ophthal- 
mometer is placed in the direction of the axis of the crystalline 
lens, the images of the circle are round, but, if we displace the 
instnmient so as to form the image near the border, it changes 
mto an ellipse with the long axis vertical. Comparing figure 
122a with those on page 75, we see that the deformity of the 
surface is quite the contrary of the conical form. — Following 
are the radii of curvature from 5® to 5® of an eye measured 
by Holth, compared with those which I have calculated for the 
eye of Demicheri in maximtmi accommodation: 

Age 00 50 100 150 200 

^^®*d eye 28 12.4n"n. 12m«tt llmm 9mm 7mm 

Accommodated eye.... 25 5.6nMn 5.9mm y.Omm iS.Omm 79.2min 

We see that we can scarcely suppose a more pronounced 
difference (fig. 122&). I, therefore, set myself to study the 
physical qualities of the crystalline lens, by using especially the 
lenses of horses, which are very large and consequently easily 
handled, and I have found that we cannot consider the crystalline 
lens as a simple elastic body in the sense of Helmholts. The 
contents of the crystalline lens are composed, in the adult, of 
two parts, the nucleus, which* cannot change its form, and the 
superficial layer which, on the contrary, possesses this faculty 
to a very high degree; its consistence is very nearly that of a 
solution of very thick gum. I call this layer the accommodative 
layer in order to show that it is due to it that the eye can accom- 
modate itself. According as age advances, the nucleus increases 
while the accommodative layer diminishes and with it the am- 
plitude of accommodation. The whole is surrounded by a capsule 
which is inextensible or very nearly so (Hocquard), 

It has always been supposed that a traction exerted on the 
zonula must flatten the crystalline surfaces, while a pressure 
exerted on the borders would have, on the contrary, the effect 
of increasing their curvature. Nothing of the kind : a pressure 
exerted on the borders has, on the contrary, the effect of flatten- 
ing the surfaces, while a traction exerted on the zonula increases 
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the curvature of the surfaces at the middle, while flattening them 
towards the periphery. 

To verify this fact we take the crystalline lens from the eye 
of an ox or a horse, which must not be too old^ with the capsule 
and zonula of Zinn. It is easy to see that by compressing the 
borders the surfaces are flattened; to observe the effect of 
traction we take hold of the zonula on both sides, very near the 
crystalline lens, and, by pulling, we can, on looking at the crys- 
talline lens sideways, see that the anterior surface assumes a 
hyperbolic form (fig. 123). But we obtain a better idea of the 
deformity by studying the catoptric images. We place the crys- 
talline lens with the anterior surface uppermost on a table and 
fix above it, at some distance, an opaque ring on which we have 
stretched a sheet of transparent paper ; by illuminating this sheet 

of paper we see the catop- 
tric image of the ring 
formed on the anterior sur- 
face of the crystalline lens 
as a black circle. We can 
also replace the ring by a 
big lens. The size and dis- 
tance of the ring must be 
chosen so that the image 
may be sufficiently large, 
and placed so that the im- 
age may be centered with 
the crystalline lens. Then, 
by exerting a traction we 
see the circle change into 
an oval, the short axis of 
which corresponds with the 
direction of the traction, 
which proves that the cur- 
The experiment succeeds the 





1 i 

A a 

Fig. 123. — Crystalline lens of the ox 
twiee enlarged: The dotted line 
indicates the form which the crys- 
talline lens assumes: A, by a 
lateral pressure; B, by a traction 
exerted on the zonula. The ar- 
rows indicate the directive of the 
forces. 



vature increases in that direction, 
more easily the larger the ring. If we place the ring so that its 
image is near the border of the crystalline lens, we see it lengthen 
in the direction of the traction, which indicates a flattening in this 
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direction. Dr. Crsellitzer has recently constructed an instru- 
ment by means of which we can exert a traction on the zonula 

in all directions at once, and with which we can still better 
imitate accommodation. Instead of the ring we may use two 
candles placed so that their images are in the direction of the 
traction.; on stretching we see them make a centripetal move- 
ment analogous to the movement discovered by Cramer, but 
much less extended. Indeed, on the one hand, it is probable that 
these animals (i) have not a very well developed accommoda- 
tion, and on the other hand, it must not be forgotten that in the 
eye the displacement appears nearly doubled by the magnifying 
action of the cornea. The experiment can be considered only as 
an imitation of accommodation on a large scale ; but the fact that 
we can obtain an increase of curvature by a traction exerted on 
the zonula is beyond doubt. 

Furthermore, we should scarcely expect any other result. I 
have several times emphasized the fact that the nucleus has a 
much more pronounced curvature than the surfaces of the 
crystalline lens, and moreover, that it 
cannot change its form unless we crush 
it. Glancing at figure 124, we readily 
understand that by exerting a traction 
on the zonula the peripheral parts must 
flatten, while at the middle the curvature ' 
increases on account of the greater re- 
sistance and curvature of the nucleus. 
And the result will be the same if there 

is no nucleus, as is the case in young Pig.124. Optic' ajstem of 

people, only if ihe curvature and resis- tho eye of the ox (magni- 
tance increase towards the center. The ^^ twice). 




(1) Dr. Stadffldt later Termed the rexulta irlth human ciTBlBlllne 
he placed Id a cork ring, fixing two opposite parta of the loouta w 
needles. He meoaured the curvature of the eurfaceg with the op: 
of Javal aod Schiofti, and then detprmlDed the position ot the foeua. or rathar 
that of the focal llnea, with a microscope, la coaaequence of the traction, he 
always caured aatlgmatUm, (he mailmum of curvature corne ponding (o Iba 
direction of the traction. On a cr^etalliae lean belonging lo a person aged 38 
j-eara, he thus produced ta aetlgmatlBin of the anterior aurfacs of i O. Tb* 
posterior eurtace was onlf very allgbtlr Intluencod. — Dm utisroatlam dlsappearad 
with the traction. 
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increase of curvature of the central layers is visible on any 
preparation of the crystalline lens. The increase of resistance 
finds its optic expression in the increase of index towards the 
center. 

By traction on the zonula we have obtained changes analogous 
to those which we observe during accommodation, and it seems 
to me that the structure of the ciliary muscle lends itself very 
well to the production of such traction. We have seen that 
it is composed for the most part, of longitudinal fibres, that the 
most superficial fibres are inserted in front on the sclera, near 
the canal of Schlemm, while the middle fibres end free near 
the surface which lies towards the anterior chamber, and that 
the deepest fibres are combined with the oblique and circular 
fibres which, perhaps, form their terminations. The muscle has 
the form of a little triangle, the external surface of which rests 
on the sclera, while the internal surface is turned towards the 
vitreous body and the anterior surface towards the anterior 
chamber. During contraction the antero-extemal angle remains 
fixed, the antero-internal angle recedes, as we can see directly 
in the anterior chamber, and the posterior extremity advances 
as the experiments of Hensen and Voelkers prove. The reces- 
sion of the anterior part exerts on the zonula the traction which 
produces the deformity of the anterior surface ; the advancement 
of the posterior extremity exerts on the choroid a traction which 
has the effect of sustaining the vitreous body and indirectly the 
crystalline lens, so that the latter does not recede under the in- 
fluence of the traction. As far as the actual result is concerned, 
it matters little to which of the two actions we attach the greater 
weight. Let us conceive, for example, a moment when the an- 
terior extremity may be fixed: the result of the contraction of 
the muscle would be that the crystalline lens, on account of the 
traction exerted on the choroid, would be pushed a little forward, 
which would produce also a traction on the zonula, which would 
suffice for the deformity of the crystalline surface. It may be 
that there exist, in this relation, individual differences as the dis- 
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agreement between the observations of Helmholtz and my ob- 
servations seems to indicate, (i) 

I think that this theory explains quite satisfactorily the greater 
part of the phenomena which accompany accommodation. It 
explains, in the first place, the deformity of the anterior surface ; 
the direction of the zonula in the living eye is such that the 
effect of the traction must act almost exclusively on the anterior 
surface. It explains also the change of level of the iris and the 
diminution of tension of the anterior chamber (by the recession 
of the peripheral parts of the crystalline lens and iris). 

The phenomena oTjserved by Coccius are probably due to an 
optic illusion. Holding the crystalline lens of a horse in front 
of a red ground we see this color through the whole crystalline 
lens, except at a quite narrow border where the red rays undergo 
total reflection. By exerting a traction on the zonula, this border 
enlarges at the expense of the transparent part, which makes 
one think of a diminution of the diameter of the crystalline lens. 

We have not succeeded, up to the present, in explaining satis- 
factorily the singular phenomena which I observed when the ac- 
commodation attained its maximum (page 216). I had attri- 
buted them to a displacement downwards of the crystalline lens, 
due to an unequal traction on the zonula. But since Hess and 
Heine have shown that the displacement takes place following 
the weight, this explanation must of necessity be abandoned. 
Hess supposes that the crystalline lens falls downwards by the 
relaxation of the zonula, as stated by Helmholtz, but apart from 
the fact that the hypothesis of Helmholtz must be rejected for 
other reasons, it is not easy to any longer suppose, in view of 
the manner in which the crystalline lens is fixed on the vitreous 



(1) According to certain authors {Arlt, Jtoanoff), the ciliary muscle differs In 
myopes and hypermetropes. If this Is so, we might, perhaps, find the predisposi- 
tion to mjrola In a special structure of the ciliary muscle. It Is, Indeed, clear 
that the more the superficial fibres are developed the greater must be the traction 
exerted on the choroid, and this traction has evidently for Its object the protec- 
tion of the sclera against the Increase of tension during accommodation. If the 
posterior extremity of the muscle were fixed, the sclera would be exposed to this 
tension every time one would accommodate. In view of this relation, it may 
be interesting to observe that the eye which I examined, in which the anterior 
surface of the crystalline lens did not advance during acconunodation, is myopio 
about 6 D., and that that one of the three eyes of Helmholts which showed the 
least advancement was slightly myopic. 
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body, that it can fall downwards unless the anterior part of the 
vitreous body is displaced also. The fact that the movement of 
the small image is much wider than that of the large one (i), 
indicates in every case that there can be no question of a dis- 
placement directly downwards, but rather a see-saw movement 
downwards and backwards. — Among other explanations which 
might occur to us, that of a deformity due to a displacement 
of the crystalline mass in the interior of the capsule would per- 
haps be the most probable. 

As to the contraction of the pupil which accompanies accom- 
modation, it is evident that it has the effect of eliminating the 
peripheral parts of the crystalline lens, which, by reason of their 
flattening, would render the image too poor. We know also 
that when the pupil is dilated with an alkaloid which has little 
or no effect on the accommodation (cocaine or homatropine), 
near sight diminishes relatively more than far sight; this phe- 
nomenon is often attributed to a diminution of the amplitude 
of accommodation, but at least with cocaine I have only very 
rarely been able to prove a real diminution of this amplitude. 
We must note, however, that eyes which have a strong spherical 
aberration correct this aberration by accommodation ; these eyes 
may, therefore, see relatively better near at hand than far away, 
when the pupil is dilated. 

When, in a paracentesis, we allow the aqueous humor to es- 
cape, we know that the crystalline lens and the iris come to be 
applied against the cornea, without this membrane noticeably 
changing form. In all probability, the crystalline lens is th<eD 
in the state of highest accommodation, because it could not make 
such a movement without exerting a strong traction on the 
zonula. While performing paracentesis on a rabbit's eye, Mann- 
hardt claims that he saw also the accommodative displacement 
of the images of Purkinje, by means of the ophthalmoscope of 
Cramer, It becomes probable, therefore, that the pupillary con- 

(1) A slight displacement of the look downwards would give analogous phe- 
nomena. When the eye makes a movement, the displacement of the images Is In 
direct relation with the distance of the center of curvature of the surface In 
question to the center of rotation of the eye. The displacement of the small 
image Is relatively large because the center of curvature of the posterior surface 
of the crystalline lens is situated very far forward in the eye. 
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traction^ which accompanies the escape of the aqueous humor, 
is accommodative. But the pupillary contraction accompanies 
the escape of the aqueous humor even in a dead eye; by intro- 
ducing the point of a Pravaz syringe into the anterior chamber, 
it is easy to dilate or contract the pupil at will by injecting or 
removing the liquid. This contraction is, therefore, purely 
mechanical, and it then becomes probable that the accommodative 
contraction of the pupil is so also, although this mechanism is 
not yet clearly elucidated. 
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CHAPTER XIII 

OPHTHALMOSCOPY 

»• 

• 

88. Methods of ninminatmg the Fnndiu of the Eye. — It has 
been known from the remotest times that the pupil of certain 
animals (dog, cat, etc.) can appear Itmiinous. The phenomenon 
was thought to be analogous to the production of light by the 
glow-worm (phosphorescence) ; in reality it is due to the exist- 
ence of the tapetum, a part of the choroid the retinal surface of 
which is strongly reflecting and has a metallic reflex ; its purpose 
is not very well elucidated. As to the human pupil^ it has been 
known for a long time that it may, in very rare cases^ appear 
luminous after the development of an anterior tumor of the 
eye (amaurotic cat/ -eye). Beer also remarked the ocular glow 
in certain cases of aniridia. 

Towards 1850 Cutnming and Bruecke discovered the method 
of making the pupil of the normal eye appear luminous, and 
Helmholtz in 1851 achieved the great invention of the ophthal- 
moscope which was destined to revolutionize ophthalmology. 

Like every other object the fundus of the eye sends back light 
when it is illuminated. Let A (flg. 125) be a luminous point 




Pig. 125. 

for which the eye is accommodated. This point sends into the 
eye the cone ABC, the rays of which reunite at D. This point, 
being illuminated, sends the rays in all directions; those con- 
tained in the cone AjBC emerge from the eye to meet at a point 
A. Generally, therefore, the eye can send back light to a point 

229 
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which has first sent the light to it, and if in ordinary circum- 
stances the pupil of the eye appears black, it is because the pupil 
of the observing eye, being black, cannot send light back into 
the observed eye. In order that it may appear luminous, a lu- 
minous source must be placed in front of the observing eye; 
this is what we do by means of the ophthalmoscope. 

Following are the diflferent circumstances in which we can 
see the pupil luminous : 

a. The pupil of albinos is seen red because the fundus of the 
eye is illuminated by the light which has passed through the 
sclera. If we cover the eye with a screen pierced by an aperture 
corresponding to the pupil, the latter appears black. — By concen- 
trating a bright light on the sclera by means of a lens, we can 
make the pupil of a normal eye limiinous, especially if the person 
has a fair complexion. 



Fig. 126. 

b. If, in the case of figure 125, the eye is not exactly focused 
for the luminous point, the latter illuminates on the retina a 
circle of diffusion (afc, fig. 126). This circle sends back the 
light not only in the direction of the luminous point, but also in 
neighboring- directions: thus the point a sends back the cone 
BaC which, outside the eye, takes the direction ABGi, s? that 
the observing eye o may be placed in this cone. Placing a lamp 
at some distance from the observed eye and sighting near the 
border of the flame, from which we shelter ourselves by a screen, 
we can frequently see the pupil luminous, especially . if it is a 
little large and if the patient does not fix the flame. 

The experiment succeeds more easily if the observed eye is 
strongly ametropic, because then the rays, having emerged from 
the eye, soon diverge greatly, so that the observing eye may 
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easily find a place in the luminous cone. If the eye is not 
ametropic we can make it so by means of a strong lens or by 
putting it under water, or, as Bellarminoff has lately done, by 
placing a plate of glass in contact with the cornea so as to elimi- 
nate the refracting power of this membrane. By this latter 
means we can make the fundus of the eye visible for several 
persons at once. — In the case of amaurotic cafs-eye, the presence 
of the tumor in the interior of the eye makes the latter strongly 
hypermetropic, so that the fundus becomes easily visible. 

c. Principle of the Ophthalmoscope of Helmholtz. — ^Let 
AB (fig. 127) be a plate of plane, parallel glass and L a lamp 
which sends light towards this plate. The greater part of the 
light passes through the plate, but a part is reflected towards 
the observed eye, D. It enters this eye and illuminates the retina. 
The latter sends back light towards the plate : a part of this light 
is reflected towards) the lamp L, but the greater part passes 
through the plate and enters the observing eye C, which, conse- 
quently, sees luminous the pupil of the observed eye. To com- 




Fig. 127. — ^Principle of the ophthalmoseope of Helmholta. 

pensate for the loss of light which, proceeding from L, passes 
through the plate, Helmholtz used several plates, placed one be- 
hind the other. 
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d. Principle of the Ordinary Ophthalmoscope. — ^We ob- 
tain a more intense illumination by means of a silvered mirror; 
the observer looks through a small portion from which the coat- 
ing has been removed or which has been perforated. — h,s a 
concave mirror concentrates the light it illuminates better than 
a plane mirror, and the latter better than a convex mirror. ( i ) 
Generally it is useful to have a good illumination ; but we some- 
times see better the very delicate changes in the fundus of the 
eye by using a weak illumination, and very delicate opacities of 
the vitreous body or of the crystalline lens distappear if the 
illumination is too strong. 

The ophthalmoscope is the only practical means of illuminating 
the eye. Nevertheless, a different method may sometimes prove 
serviceable. We place the lamp behind the observer so that the 
light reaches the observed eye by glancing along the head of the 
observer ; we concentrate the light on the eye with a lens. When 
the pupil is dilated we can thus see the fundus of the eye feebly 
illtuninated, and we often distinguish details situated far forward 
in the vitreous body (tumors of the ciliary body, detachments, 
etc.). 

89. Examination by the Erect Image (Helmholtz), — The con- 
ditions for seeing the pupil luminous were known, before Helm- 
holts, by the researches of Cumming and Bruecke, and Babbage 
seems to have already illuminated the pupil with a mirror from 
a small portion of which the coating was removed for observa- 
tion purposes; but none of these scientists thought of studying 
the conditions under which this ocular glow can form an image 
of the fundus of the eye. 

When preparing the lectures, in the course of which he was 



(1) The cleamesB of the retinal image of the flame which is formed in the 
observed eye is the same in all cases, but the image is larger when we use a 
ooncave mirror than when we use a plain or convez mirror. — One can yerify this 
for oneself by putting one's eye in the place of the observed eye. The Image 
of the flame which one then sees in the mirror corresponds to the Illuminated 
part of the retina; it is larger in the case of the concave mirror than with the 
plane or convex mirror. — Placing the flame behind the mirror, one sees. In the 
same circumstances, the opening as a luminous circle which corresponds to the 
part of the fundus of the eye which the observer can see at once (ophthalmosooplo 
field). 
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to illustrate for his class the methods of making the pupil ap- 
pear luminous, Helmholtz proposed to himself the problem to 
be solved, not a difficult task for an experienced physicist. He 
easily succeeded in solving it theoretically, and then constructed 
the first ophthalmoscope by combining some glass plates with 
the lenses of a test case ; after .some days of hard work he suc- 
ceeded in seeing the fundus of the living eye which no one had 
ever seen before him. 

Helmholtz used examination by the erect image. Suppose that 
the observer is emmetropic (if he is not he must correct his re- 
fraction) : he can then see the fundus of the eye of another 
emmetrope without any further aid, since the rays emerging 
from the observed eye are parallel. If the observed person is 
not emmetropic he must be made emmetropic. We, therefore, 
look for the strongest convex glass or the weakest concave glass 
with which we can see the fundus of the eye distinctly: this 
glass indicates at the same time the refraction of the eye; but 
the observer must cultivate the habit of not using his accommo- 
dation, otherwise the results will be false. — ^The refraction which 
we find with the ophthalmoscope ought to be in agreement with 
that found by subjective examination. It must be noted, how- 
ever, that the glass of the ophthalmoscope is generally a little 
farther away from the eye examined than a glass placed in a 
frame. We find, therefore, as by the subjective method, t6o\ 
low a number for hypermetropia, too high a number for myopia^ 
and the error is more pronounced in the case of an ophthalmo- 
scopic examination on account of the greater distance. For 
low degrees of ametropia it is insignificant; for high degrees, 
especially of myopia, it is sufficient to make the determination 
fallacious. Latent hypermetropia is generally disclosed by 
ophthalmoscopic examination because in the dark room the 
patients do not fix. 

Magnification. — ^To obtain a numerical expression of oph^ 
thalmoscopic magnification, we may compare the retinal image, 
formed in the observing eye, of an object (the papilla of the 
fundus of the examined eye) with the retinal image which the 
observing eye would have of the same object, placed free in air. 
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at the working distance of the observer. We often make this 
distance 20 centimeters. 

Let us suppose that both eyes, that of the observer and that 
of the observed person, are emmetropic. 

Let 0=AB (fig. 128) be the object of the fundus of the ob- 
served eye ; we. draw the rays AC and BD parallel to the axis. 
These two rays will intersect at the anterior focus *j, and all the 




Patient Obsenrer 

Fig. 128. 

Other rays proceeding from A and B are parallel to either of 
these; among other rays ^jE and ^fi which, prolonged, pass 
through the anterior focus of the observing eye. Mter refrac- 
tion in this eye these rays are parallel and determine the size of 
the image, L Designating by F^ the anterior focal distance of 
the observed eye, by F'j that of the observing eye, the two 
similar triangles CD*j and EG^j give the relation: 

I F'l 



O — Fi 

We see that, if the optic systems of both eyes are alike, I is 
equal to O. The papilla of the observed eye forms in the ob- 
serving eye an image equal to itself. By placing the fundus of 
the eye free in the air at the working distance, equal to 20 centi- 
meters, the retinal image I^ of the object O (fig. 129) would 
be found by the formula 

O 200 



By multiplying this formula by the preceding one, we obtain 
the magnification in the erect image: 

_ I ___ 200 mm 

"IT ""FT"- 
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By supposing 15 millimeters for F^, the magnification would 
be about 13, but this number is arbitrary, since the working 
distance has been chosen arbitrarily. 




Fig. 129. Obserrer 

If the observed eye is myopic, the magnification is greater, 
supposing that the correcting glass is beyond the anterior focus 
of the observed eye, as is always the case. The construction 
is the same as in the preceding case, but on meeting the con- 
cave glass the rays C*^ and D*^ (fig. 130) are made more 




Patient 



Fig. 130. 



divergent. The rays ♦'^E and ♦'^G which are parallel to them 
diverge, therefore, more than in the preceding case, which 
makes the image I^ greater. If there is a case of myopia of 
curvature the magnification is still greater; the point ^^ is, in 
fact, situated nearer the observed eye, which causes the rays 
HK and LM, and consequently also the rays ^jE and ^fi 
to diverge still more. In the hjrpermetropic eye the reverse 
takes place. It follows that in an astigmatic eye we see the 
papilla elongated in the direction of the meridian of greatest 
refraction. 

Ophthalmoscopic Field. — ^According to Helmholtz we find 
the ophthalmoscopic field, that is to say, the aggregate of the 
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parts of the fundus of the eye, visible simultaneously by join- 
ing by straight lines the middle of the pupil of the observing 
eye to the borders of the pupil of the observed eye, and by 
making these straight lines undergo the same refraction in the 
observed eye as if they were rays. Figure 131 shows that the 
field is greater in the hypermetropic eye, smaller in the myopic 
eye, if the observing eye is beyond the anterior focus of the 
observed eye, as is always the case. As it is the border of the 
pupil of the observed eye which limits the field, we increase it 
by instilling atropine. 




Pntient Observer 

Fig. 131. — Construction of the ophthalmoscopic field. 

This is an instance of inverse constructions which we fre- 
quently use in geometric optics; to know what points of the 
fundus of the observed eye can send back rays into the pupil 
of the observing eye, we reverse the problem by imagining the 
pupil of the observing eye luminous and finding what parts of 
the fundus of the observed eye it can illuminate. The result 
is the same on account of the reversibility of the optic pro- 
cesses. In reality the field is a little larger than that which we 
have found by our construction, since we have reduced the 
pupil of the observing eye to a point ; from the point d, situated 
outside the field, some rays could still enter the observing eye 
through the lower parts of the pupil. To have the field com- 
plete it would be necessary to construct, not the image p^ of 
the center of the pupil p, but the image of the entire pupil or 
rather of the opening of the ophthalmoscope, formed by the 
optic system of the observed eye. We would thus obtain a 
larger field, but the parts near the border would be very slightly 
illuminated. 
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90. Examination by the Erect Imi^^. Obiervations. — ^To tell 
the size of intra-ocular objects, it is customary to compare 
them with the diameter of the papilla; we thus say that the 
width of a staphyloma is the fourth or half of the diameter 
of the papilla. The attempts which have been made to obtain 
more exact measurements by means of a micrometer {Bonders, 
Leroy) have not given practical results. 

The refraction is usually the same for the entire fundus of 
the eye. According to Young, if we suppose a sphere drawn 
around the eye with the distance of the far point as radius; 
the position of the retina is such that it is everywhere found 
at the place where the best images of objects situated on this 
sphere would be formed. A certain degree of astigmatism by 
incidence is inevitable for the peripheral parts; but the retina 
is here found between the two focal lines almost at the place 
which would correspond with the circular diffusion spot. 

Thanks to this arrangement, we can use the papilla for the 
determination of refraction by the erect image; generally its 
refraction scarcely differs from that of the macula. There are 
exceptions to this rule, however. For instance, I examined 
on consultation a young man in whom a myopia of 4 D. was 
indicated, while a colleague, very experienced in determination 
by the erect image, and myself found, each for himself, em- 
metropia by the ophthalmoscope. It was later established be- 
yond doubt that the patient had really a myopia of 4 D. Then, 
asking ourselves whether the myopia might not be due to a 
spasm of accommodation, we resorted to a treatment by atro- 
pine, but without changing the result. Analogous differences 
seem quite frequent in cases of excessive myopia, by reason 
of the elongated form of the globe. 

A difference between subjective and ophthalmoscopic refrac- 
tion may therefore be due: 1° to a greater distance of the 
correcting glass from the observed eye (see page 234) ; 2° to 
the fact that a latent hypermetropia may become manifest in 
the darkness; 3** to the fact that the papilla may have a dif- 
ferent refraction from the macula; 4° to stimulation. 

To judge of the depth of a papillary excavation we can 
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measure the difference of refraction between the edge and pit 
of the excavation, keeping in mind that a difference of one 
dioptry corresponds to aknost a third of a millimeter. We can 
measure by the same process the tumefaction of the papilla in 
cases of optic neuritis, the distance of an opacity of the vitreous 
body from the retina, etc. 

Another means of judging whether one point is situated in 
front of another consists in making slight movements of the 
head (with the ophthalmoscope). We shall then see the nearer 
point make a movement in a contrary direction in relation to 
the other point (parallax). 

The magnification of 13 which we have found for the erect 
image has nothing to do with the apparent size of the papilla, 
which depends on the distance to which we project the image 
without knowing it. When we begin to use the ophthalmoscope, 
the papilla frequently appears very small, and generally its size 
seems to vary for different observers. I have noticed a phe- 
nomena of the same kind when looking at a luminous point 
(see page 165). If the point is very distant the circle of dif- 
fusion appears very large to me. But if I observe a luminous 
point placed at the focus of a lens of 26D., held in front of 
my eye, the point appears extremely small, and this although 
the retinal image ought to be exactly the same in both cases. 
Accommodation is often charged with playing a part in this 
optic illusion, but we must observe that it takes place even if 
every trace of accommodation be excluded. It rests on an un- 
conscious conclusion relatively to the distance of the object (see 
chapter XXII). 

The macula is usually difficult to see: most frequently the 
pupil must be dilated. The fovea is sometimes visible as a 
dark spot with a small whitish point in the middle; its place is 
marked in every case by the peculiar manner in which the 
vessels come from all sides to disappear in its vicinity. We 
never see a trace of the yellow color which is so striking in 
the dead eye; certain authors have, therefore, considered this 
yellow coloration as a phenomenon due to changes after death, 
and this idea seems confirmed by an observation which I have 
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made. We generally suppose that if we do not see the yellow 
color of the macula, it is because the yellow light is drowned 
by the red light reflected by the blood. I, therefore, thought 
that we should be able to see it by illuminating the eye with 
a strong sodiiun flame. The blood does not reflect this light or 
reflects it only slightly, and the appearance of the fundus of 
the eye recalls that of i^otographic illustrations of ophthalmo- 
scopic images; we see the vessels black on a gray ground, but 
the macula, which we should expect to find illuminated, remains 
at least as dark as in ordinary ophthalmoscopy. 

The red color of the fundus of the eye is due to the vessels 
of the choroid; wherever the choroid is defective we see the 
white background of the sclera, in cases of coloboma for ex- 
ample. It is curious that we never see a trace of the retinal 
purple with the ophthalmoscope. In the normal state the retina 
is completely transparent; we see only its vessels. Sometimes 
we can, however, distinguish it as a grayish veil in the parts 
near the papilla. If the black pigment be strongly developed, 
the fundus of the eye appears of a uniform deep red. If it is 
but slightly developed, the fundus has often a marble or spotted 
appearance due to the meshes of the vascular network of the 
choroid. 

Most normal eyes have a physiologic excavation or cup of the 
papilla which has the appearance of a whitish spot. It is then 
easy to see, by the erect image, that the bottom is more myopic 
than the border ; we see indistinctly the vessels of the excavation 
when those of the borders appear distinct and vice versa, at 
least when the excavation is a little deep. The physiologic cup 
never reaches the borders of the papilla. We can be certain 
that an excavation is pathologic only when it reaches the borders 
everywhere. 

We frequently perceive in the normal eye a pulsation of one 
or several of the large veins. During the systole the tension 
of the globe increases enough to compress the large veins near 
their starting place where the intra-venous tension is weakest. 



840 PHYSIOLOGIC OPTICS 

At the moment of diastole the tension of the globe diminishes, 
the pressure ceases and the veins empty themselves, (i) 

The pulsation of the arteries is nearly always a sign of 
glaucoma; the tension of the globe is so high that the arteries 
remain empty, except at the moment of systole. 

The papilla is generally limited by a very thin white border, 
sometimes surrounded by an incomplete black border, formed 
by the pigment of the choroid. The white border is called the 
scleral border; it is attributed to the visibility of the sclera 
between the choroid and the papilla. Sometimes it is larger 
and mistaken for an incipient staphyloma. 

One can see the red fundus of one's own eye by loc^ng in 
a mirror held before a flame. A luminous pencil passes through 
the opening of the ophthalmoscope, enters the eye, is reflected 
by the retina, emerges from the eye, meets the mirror, and is 
again reflected towards the retina. If the course of the rays 
permit, for example if the eye is emmetropic and the mirror 
plane, we may even distinguish the details. We see at the 
same time the catoptric image of the cornea as a large circle 
of diffusion. 

Auto-ophthalmoscopes have been constructed as well as oph- 
thalmoscopes, by means of which several observers can see 
simultaneously the fundus of the eye. 

Another way of examining oneself consists in observing with 
one eye the image of the other formed by a looking-glass; we 
can in this way perform ophthalmoscopy of the left eye with 
the right eye by the inverted image, and we can, with a small 
concave mirror placed not far from the eye, observe the images 
of Purkinje, etc. It was by working thus with my own eye that 



(1) [Lately Dr. S. Tflrk has studied this question again In a number of persons 
with irregular heartbeat (arythmla). 

These observations prove that the venous narrowing Is Independent of the en- 
trance of the arterial pulse wave into the eye. and he Infers that the cardiac 
systole produces not the narrowing, but the dilatation of the veins. He further 
shows that this venous pulsation cannot be caused by a rhythmic interference 
with the exit of the blood from the vena centralis retinse because a dilatation, 
caused in this way. ought to be propagated opposite to the direction of the 
blood-current. He, therefore, considers this phenomenon caused by a propagation 
of the arterial pulse wave through the capillaries Into the veins which is ac- 
counted for by the relatively high extravascular pressure in the eye (Engelmann'a 
Arch. f. Phyaioh, 1899).]— W. 
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I observed for the first time the conical deformity of the an- 
terior surface of the crystalline lens during accommodation 
(page 210). 

91. Examination by the Inverted Image. — ^This examination 
was introduced into oculistic practice by Ru^te in 1852. It 
was especially adopted and developed by the Berlin school 
(Graefe)y while the Vienna school (Jaeger) especially used the 
erect image. As the Berlin school held for a long time a more 
influential position, examination by the inverted image was for 
a long time more used than the other. The two methods^ how- 
ever, merit a place side by side. The inverted image gives a 
less magnification and a larger field : it is, therefore, very useful 
for studying the general appearance of the fundus of the eye, 
while the erect image serves especially for the study of the de- 
tails and for the determination of refraction. 

Examination by the inverted image is made by holding a strong 
convex lens (most frequently +^3) ^^ ^ distance from the eye 
almost equal to its focal distance. This lens forms a real and 



Fig. 132. 

inverted image of the fundus of the eye, situated on the other 
side of the lens, in the vicinity of its second focus. It is this 
image that the observing eye sees when accommodating, or, which 
is better, by lodcing through a convex lens of about 4 D., placed 
behind the mirror. If the examined eye is emmetropic, the 
rays leaving the eye are parallel and the image is formed at 
the focus of the lens ; if it is myopic the image is a little nearer, 
if hypermetropic a little farther than the focus. In the latter 
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case the observer is frequently obliged to move back a little in 
order to see the image distinctly. 

Magnification. — If we use a lens of +^3^ ^^^ magnification 
is about five times for an emmetropic eye. Let ab=0 (fig. 132) 
be an object in the fundus of the observed eye. We draw the 
ray be parallel to the axis: it passes, after refraction, through 
the anterior focus of the eye *i, and the other rays coming from 
b are parallel to it, since the eye is emmetropic. One of these 
rays db^ passes without refraction through the optic center of 
the lens, and it is on this ray dy that the image fr' of 6 is formed, 
in the focal plane of the lens. The two triangles pc^^ and dfb^ 
are similar: we have, therefore, iZ___^, that is to say, the mag- 

nification is equal to the relation between the focal distance of 
the lens and the anterior focal distance of the eye. The an- 
terior focal distance of the eye being 15 millimeters and that of 
the lens 77 millimeters, the magnification is ^ or about 5. We 
can increase the magnification by using a weaker lens, but the 
image at the same time moves away from the lens so that the 
observer is obliged to move back, which makes this way of in- 
creasing the image of little practical value. In cases of persons 
operated on for cataract it may be useful to use a stronger lens 
(-f-iS) to obviate the necessity of moving away. 




ME H 



Fig. 133. — After Bjerrum. 

Influence of Refraction of the Examined Eye on the 
Magnification. — A glance at figure 133 suffices to show that if 
we place the lens so that its focus coincides with the anterior 
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focus of the eye, the magnification is the same whatever may be 
the refraction of the examined eye (principle of Badal), (i) 

If the lens is nearer the eye, as is generally the case, the mag- 
nification is greater in the hypermetropic eye, less in the myopic 
eye (fig. 134). For this reason the papilla of the astigmatic eye 




Fig. 134.— After Bjerrum. 

is seen elongated in the direction of the meridian of least re- 
fraction ; by moving the lens away the other meridian is elongated 
and finally that which corresponds to the meridian of greatest 
refraction is seen to be the greater just as by the erect image. 

Ophthalmoscopic Fiexd. — In order that the field may be as 
large as possible, the lens must be at a distance from the eye 
almost equal to its focal distance. Under these circumstances 
the image which the lens forms of the pupil of the observed 
eye is very large and fills the entire lens; the iris disappears 
from the field. 

We construct the field as for the erect image, by supposing 
the center (P, fig. 135) of the pupil of the observing eye lumin- 
ous and finding what part of the fundus of the eye it could 
illuminate. In drawing figure 135, it has been supposed that 
the image P^ of the center of the pupil of the observer coincides 
with the nodal point K of the observed eye, so that the "rays" 
Aa and B6 suffer no refraction : ab is therefore the field, and we 



(1) ThlB l8 exact only If Uie ametropia te axial. In case of a myopia (hyper- 
metropta) of cunrature, the anterior focus is situated near the eye in proportion 
as the refraction Is greater. — Repeating the construction of figure 183. we see 
that by making the focus of the lens coincide with the anterior focus of the eye 
the magnification is greater in the case of myopia. — ^The astigmatic eye has two 
anterior foci, one for each principal meridian; to obtain the same magnification 
in both meridians, the focus of the lens must be nearer the eye than the more 
distant anterior focus. 
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note that it does not depend on the pupil of the observed eye, 
since the cone APjB does not touch its borders. The field is 
limited only by the borders of the lens ; it is therefore preferable 
to use a large lens as they do in England. If we move the lens 
nearer or farther away, so that a larger part of the cone AP^B 
coincides with the pupil, it may happen that the latter may be 
too small, so that the iris intercepts the most peripheral rays. 
The field is then limited by the iris of the observed eye, which 
may be seen through the lens. If the pupil is small, it may be 
difiicult to hold the lens exactly at the proper place for the 
iris to disappear; this is why dilation of the pupil is advantag- 
eous. — It must be noted, furthermore, that a small part of the 




Patient ^ Observer 

Fig. 135. — Constraetion of the ophthalmoscopic field by the inverted image. 

field is well illuminated. If we use a concave mirror of 20 
centimeters focus, as is customary, we see at the fundus of 
the eye a quite distinct image of the flame (because the image 
formed by the mirror is almost at the focus of the lens so that 
the rays which meet the eye are almost parallel) ; it is only the 
part of the field which corresponds to this image that is illumi- 
nated; the remainder is in darkness. — ^The illuminated portion 
may be increased by using a plane mirror, but the illumination 
is then less bright. 

We can see the inverted image without any lens if the patient 
is myopic more than 6 D. ; by moving the head from side to side, 
we make sure that the vessels are displaced in the contrary di- 
rection, for we can also see the fundus of the hypermetropic 
eye (by the erect image) at a sufficiently great distance. The 
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visual field is very small and the magnification often so great 
that one vessel may fill half of the field. The existence of this 
image is sufficient to establish the diagnosis of a strong myopia. 
— It is often difficult to examine the high degrees of myopia by 
the erect image^ and by the inverted image the enlargement is 
sometimes not sufficient. We can then use this image which 
the myopic eye itself produces, by magnifying it; we make no 
change from the ordinary way of examining with the inverted 
image ; it is only necessary to move the lens far enough away for 
the image to be formed between the lens and the observed eye. 
The lens then produces an enlarged virtual image of this inverted 
image, which is also inverted and situated farther behind; to 
see it distinctly it is often necessary to place oneself very near 
the lens, especially if one uses a convex glass behind the mirror. 
We can thus obtain an enlargement nearly as great as by the 
erect image (Demicheri), 

We can use the examination by the inverted image for the 
determination of the refraction of the eye, by measuring the dis- 
tance from the observed eye at which the inverted image is 
situated, since this distance varies with the refraction of the 
eye. This method, which was proposed by Schmidt-Rimpler, has 
never become very popular. 

The appearance of the fundus of the eye is very nearly the 
same with both methods. We must except the macula, however, 
which, by the inverted image, often presents itself under a 
special form, as an oval spot, with the long diameter horizontal, 
a little larger than the papilla; this spot is dull, a little darker 
than the rest, and surrounded by a bright circle, corresponding 
to the convexity of the border of the fovea, which acts as a kind 
of convex mirror. Analogous reflexes often appear also on 
other parts of the retina, especially in young subjects. — Differ- 
ences of level are observed by the parallactic displacement which 
is obtained by subjecting the lens to a slight to-and-fro move- 
ment. 

92. OphthalmoBcopic Examination of the Kefracting Media. — 
To examine the transparency of the refracting media it is pre- 
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ferable to use a weak illumination; we use preferably a plane 
mirror or even a convex mirror. De IVecker recommended the 
use of the plates of Helmholtz for this examination. We see, 
indeed, the shadows which the opacities produce by intercepting 
a part of the rays sent back by the fundus of the eye. If the 
fundus is strongly illuminated, and if the obstacles are not 
completely opaque, they allow a part of the light to pass and 
the shadow is less complete. — It is useful to use a strong magni- 
fying glass for this examination in order that we may place 
ourselves very near the eye. Otherwise many of the small 
corpuscles may escape in the examination. 

• 

It is quite rare for these opacities to be visible by th<e light 
which they themselves reflect. It may happen, however, that 
we can see the red color of hemorrhages situated far forward 
in the vitreous body, or the white color of certain opacities, 
especially when using the light in such a manner that it falls 
very obliquely along the head of the observer. In cases of 
synchisis scintiUans the observing eye receives light regularly 
reflected by the surfaces of the small crystals situated in the 
vitreous body. 

93. Skiascopy.— This method of examining ocular refraction 
was discovered by Cuignet, who described it under the lU-chosen 
name of keratoscopy. It was Parent who specially developed 
the method, and it was he who first gave the correct explanation 
of it. 

The observer takes his place at one meter from the patient, 
whose eye he illtuninates with a plane mirror; by rotating the 
mirror around a vertical axis we see the luminous spot on the 
face of the patient move in the same direction. The illumination 
of the pupil follows the same direction, whether the patient be 
hypermetropic, emmetropic or very slightly myopic. — If the 
myopia is over i D., the pupillary light is displaced in the con- 
trary direction, and if the myopia is equal to i D., we do not 
see the light move in the pupil. The luminosity diminishes uni- 
formly in the entire extent of the pupil to disappear suddenly. 
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The examination of figure 136 shows that the retinal image 
moves in the same direction as the mirror. If the observed 
person is hypermetropic, emmetropic or myopic less than i D., it 




Fig. 136. — Skiascopy. Plane mirror. 

L, lamp; Mi, first position of the mirror; Li, image which it forms of the 
lamp; Ii, retinal image. — ^Mi, second position of the mirror; L% 
image of the lamp; !■, retinal image. 



is the erect image that the observer sees. The light seems to 
him to move on the retina, as it really does. If, on the contrary. 



\ 




Fig. 137. — Skiascopy. Concave mirror. 
The letters have the same significance as in figure 136. 

the myopia is greater than i D., he sees the light move in the 
contrary direction, because the light comes to him from the in- 
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verted image which he observes. — ^To determne the degree of 
ametropia, we place before the eye of the patient stronger and 
stronger glasses, until the shadow covers the entire pupil at 
once; the patient has then a myopia equal to i D. 

If we use a concave mirror we see, as in the preceding case, 
the limiinous spot move on the face of the patient in the same 
direction as the mirror. But the retinal image of the flame 
moves in a contrary direction: we see, indeed, on figure 137, 
that the image of the flame (L^ Lg) formed by the mirror goes 
in a direction contrary to that of figure 136, whence it follows 
that it is the same for the retinal image. The observer also 
sees the ocular glow move in an opposite direction if the ob- 
served person is emmetropic, hypermetropic or myopic less than 
I D. and in the same direction if the myopia is greater than i D. 

Skiascopy is important in the search for astigmatism if we 
do not dispose of it with an ophthalmometer. If the mirror be 
moved in the direction of one of the principal meridians, every- 
thing happens as in a non-astigmatic eye. But if the movements 
of the mirror take place in another meridian, the shadow is seen 
to move in a direction which forms an angle with that of the 
mirror. This is due to the elliptical form of the diffusion spot. 
If we draw an ellipse with oblique axes on a sheet of paper, 
and observe it through a smaller circular aperture, while giving 
it a horizontal movement, it is almost impossible not to give way 
to the illusion that the motion takes place in an oblique direction. 
— We then find the motion to give the mirror in order that the 
displacement of the ocular glow takes place parallel to that of 
the mirror. We then determine the refraction of the principal 
meridians in the ordinary way. 

When the ametropia is considerable, the glow is quite feeble 
and the boundary between the light and shade is curved. If 
on the contrary the eye is almost corrected, we see the glow 
very bright and its border is very nearly straight. 

The explanation of this fact, which has given rise to a lively 
discussion, is quite simple. As the lamp (or its image formed 
by the mirror) is far from the observed eye, there is formed in 
the emmetropic eye a small pretty distinct retinal image of the 
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Same (fig. 138, AQ. A3 all the light is concentrated on this 
small image, it is quite bright and although it is small, it never- 
theless fills the field because the latter is also very small, as 
it is easy to see by using the construction we have given for 
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Fig. 138. — The thick circle indicates the limita of the akiaseopie field: A, 
in an emmetropic eje; B, in a atronglj smetropic eje. The sqaare 
in A represents the image of the flame; in B, it changes into a 
large spot composed of circles of diffusion. 

the ophthalmoscopic field. The right border of the ocular glow 
corresponds with the border of the retinal image of the flame. 
In the ametropic eye the field is lat^e, and the retinal image is 
displaced by a diffusion spot, much larger and consequently not 
so bright. Each point of the distinct retina] image is replaced 
by a circle of diffusion of the same form as the pufnt of the 
observed eye; as the latter is generally round, the spot also 
takes on a round form (fig. 138, B) more pronounced in pro- 
portion as the ametropia is greater. It is easy to prove the 
exactness of this explanation: if we use as luminous source a 
very loi^, bright line, the border of the ocular glow remains 
straight, even in the case of strong ametro)Ma, because the super- 
position of the circles of diffusion cannot then produce a round 
form. Likewise, if we give the pupil a triangular form, by 
placing a stenopaic opening of this form before the eye of the 
observed person, the shadow retains also its rectinlinear border, 
for the supposition of triangular diffusion spots cannot give a 
round form to the diffusion spot. 
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But in neither case does the observer see a distinct image, be- 
cause his eye is accommodated for the pupillary plane of the 
observed eye, while the image which he observes is in front of 
(M) or behind (H) this plane. And as it is not focused for 
the image, the latter is seen vaguely, each point being represented 
by a circle of diffusion, the border of which, as always, corre- 
sponds with the border of the pupil of the observer. 




Patient 



Fig. 139. 



Observer 



Theory of Leroy. — ^The explanation which Leroy has given 
of skiascopy, and which is widely accepted, especially in Germany 
is in thorough agreement with that of Parent which I have just 
explained. Let a (fig. 139) be an illtuninated point of the retina 
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Fig. 140. ^ 

of the observed eye, supposed to be myopic, and a' its image. 
From the observed eye then starts the luminous cone bafc, of 
which the part a'mo enters the observing eye. This eye sees 
luminous the part of the pupil which sends rays to it, that is 
the part bp, while pc is dark because the rays which come from 
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this part are intercepted by the iris of the observer. This Leroy 
somewhat subtly expressed by saying that the shadow is pro- 
duced by the iris of the observer. We can imagine the pupil of 
the observer projected through a' on the pupil of the observed 
person (fig. 140, A) ; the part of this latter which it would cover 
would appear luminous. In regard to the theory of Parent, we 
would say that the observer sees the point a but dimly^ that is 
to say as a diffusion circle the .border of which, as we know, 
corresponds to the border of the pupil of the observed eye. 

The two theories are therefore two different ways of saying 
the same thing. But were the curved form of the shadow ex- 
plained by the form of the pupil of the observer it would be 
wrong, because the phencnnena do not change if the observer 
looks through a triangular aperture placed in front of his pupil. 
The form of the pupil of the observer plays no part, for in 
reality it is not a luminous point which is found on the retina, 




Fig. lil. — Theory of the paracentral shadow. 

as the theory of Leroy supposes, but an image of the flame of 
which ad (fig. 139) is a section. The border of the image which 
we use is, therefore, a straight line perpendicular to the plane 
of the paper, and it would be necessary to repeat the construc- 
tion of Leroy for each point of this straight line. We would 
thus obtain a series of projections of the pupil of the observer, 
which would delimit the part of the pupil of the observed eye 
which appears luminous (fig. 140, B). It is easy to see that 
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the form of each diffusion circle has no influence on the form 
of the border of the shadow. 

Paracentral Shadow. — When one is near correction, one 
often sees the shadow move irregularly. Bitzos has described a 
paracentral shadow : a part of the pupil^ near the center^ appears 
dark, while the borders are still illuminated. This phenomenon 
indicates that the refraction is not the same everywhere in the 
pupil ; it frequently makes impossible a very exact determination 
of the refraction. 

We must not, therefore, expect a very exact determination 
by skiascopy, as is the case also for subjective measurement and 
determination by the erect image, simply because the very idea 
of ocular refraction does not permit of very great exactness. 

Here is the explanation of the paracentral shadow. Let us 
suppose an eye emmetropic, but with a strong spherical aberra- 
tion so that the peripheral parts of the pupil may be myopic. 
The rays coming from a luminous point of the retina would 
then have the direction indicated on figure 141. All eye, the 
pupil of which would be at P would receive rays i and 3 and 
would see luminous the parts corresponding with the pupil, 
while at 2 the pupil would appear dark, since the ray 2 would 
not enter the pupil. The observing eye would, therefore, see a 
bright center separated from equally bright borders by a dark 
ring. If P be displaced a little downwards, it would receive all 
the rays drawn on the figure, but some on the other half would 
not enter it, which would give the phenomenon of paracentral 
shadow. This shadow is, therefore, nothing else than the mani- 
festation of spherical aberration. Wfe have seen that the ap- 
pearance which indicates aberration consists of a luminous ring 
towards the borders of the pupil, separated from the central 
light by a dark zone ; tilting the mirror slightly the central light 
becomes partly joined to the ring and the dark part assumes the 
form described by Bitzos. 

I have several times emphasized the advantages which skia- 
scopy with a luminous point presents for the study of optic 
anomalies of the eye. It also lends itself very well to the or- 
dinary measurement of refraction. At the critical moment when 
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the movement of the light changes its direction the far point 
of the observed eye coincides with the pupil of the observer. As, 
on the other hand, the principle of Jackson demands that the 
image of the luminous source coincide with the far point one is 
led to use a plane mirror and to place the flame, surrounded by 
its opaque screen, quite near the eye of the observer. But, in 
order to observe the luminous band of astigmatism and the ring 
of aberration, we must place the lamp by the side of and a little 
behind the patient. 

Bibliography. — Gumming (W.). Medieo-ohirurgieal iransactionM, XXIX, 
p. 284. — ^Briicke (E.). /. MuUers Arehiv fur Anatomie und Phytiologie, 
1847, p. 225. — ^Helmholtz (H.). Besehreibung eines AugengpiegeU Mur 
Beohachiung der Netzhaui am lehenden Auge, Berlin, 1851. — ^Buete (Th.). 
Der Augenspiegel und das Optometer. Gottingen, 1852. — Coccius (A.). 
Ueher die Anwendung dee AtigenspiegeU, nehet Angabe einee neuen In- 
gtrwnente. Leipzig, 1853. — Coignet. Keratoscapie. Beeueil d'opht., 1873- 
74. — ^Parent. Diagnostic et determination objective de I'Astigmatieme, 
Beeueil d'opht., 1881. — Jjeroj (C. J. A.). Le phSnomSne de I' ombre 
pupiUaire. Bev. gen. d'opht., 1887, p. 289. — ^Bellarminoff. Neues Ver- 
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The theory of the ophthalmoscope is found explained in several treatises 
on ophthalmoscopy. The following small book is to be recommended on 
account of its brevity and clearness: 

Bjerrum (I.) (of Copenhagen). Instructions pour VempM de I'ophtal- 
moscope. Translated by Grosjean. Paris, Steinheil, 1894. 



CHAPTER XIV 

THE PUPIL 

94. — To properly understand the working of a dioptric intru- 
ment^ we must not only know the position and power of the 
refracting surfaces, but also the size and position of its dia- 
phragm. I have already referred to the difference between the 
size and position of the apparent pupil and the real pupil, and 
observed that the pupil is generally displaced a little to the tem- ^ 
poral side. Its size varies in different people; generally it di- ^ 
minishes with age, and finally becomes quite small in old people. 
As a rule it is larger in myopes than in hypermetropes, at least 
in appearance, for the anterior chamber of myopes is often 
deeper, which makes the pupil appear larger. In cases of com- 
plete amaurosis, the pupil is immovable and very large, except 
when the amaurosis has a spinal origin, in which case the pupil 
is often greatly contracted. 

The pupil contracts and dilates under many different influ- 
ences; these movements are very complex and, for the most 
part, still imperfectly elucidated. All agree on the existence of 
the sphincter, while that of the dilator is disputed, although 
physiological observations make its existence probable. The 
movements of the pupil are under the influence of the motor 
oculi and the great sympathetic. Cutting the motor oculi pro- 
duces a dilatation of the pupil, much less, however, than that 
which may be produced by atropine. The contractions which ac- 
company accommodation and incidence of light cease at the same 
time, as well as accommodation itself. The contraction which 
accompanies incidence of light is, therefore, produced by a re- 
flex action between the retina and the optic nerve on the one 
hand and the oculo-motor on the other. It must be noted, how- 
ever, that Brown-Sequard produced a contraction of the pupil 
by concentrating light on an enucleated rabbit's eye, according 

to which experiment the light would also have a direct influence 

254 
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on the muscles of the iris. An irritation of the oculo-motor pro- 
duces a contraction of the pupil, an irritation of the great sym- 
pathetic at the neck produces, on the contrary, a marked dilata- 
tion, while the cutting of this nerve contracts the pupil. 

95. Action oftKydriatios and myotiot. — The instillation of a 
drop of a solution of atropine (0.5 per cent.) produces a marked 
dilatation of the pupil ; it paralyzes its movements as well as the 
accommodation: the effect generally lasts eight days. If we 
use a much-diluted solution, the effect does not last so long and 
the action on accommodation is much less pronounced. To ex- 
plain why the dilatation by atropine is much greater than, that ob- 
tained by cutting the motor oculi, it is supposed that it acts at the 
same time by irritating the terminal fibres of the great S3rmpa- 
thetic. 

Homatropine (0.5 per cent.) dilates the pupil, but it generally 
does not act to any extent on the accommodation if the solution 
is pure, (i) Its effect lasts twenty-four hours. 

Cocaine (5 per cent.) dilates the pupil, but does not act on 
the accommodation; at least I have not been able to find any 
effect on my own eye. ( i ) 

A mixture of homatropine and cocaine dilates the pupil still 
more than either one of these alkaloids by itself . Such a mix- 
ture is reconmiended, therefore, for investigations of accommo- 
dation, the more so because the pupil is dilated some time be- 
fore accommodation begins to diminish. Scopolamine ( ^ per 
cent.) produces complete paralysis of accommodation, with a very 
marked dilatation of the pupil which we can further increase by 
adding cocaine. 

With a solution of eserine (0.5 per cent.) we obtain a very 
great contraction of the pupil, and the accommodation reaches its 
maximum. I have obtained with eserine a little greater ampli- 
tude than I could produce spontaneously. It is doubtful whether 
eserine acts directly on the sphincter, or whether the contrac- 

(1) Otber obserren maintain the contrary; the differences are perhaps in- 
dlTidual ; perhaps due to the fact that they use different preparations. 
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tion of the pupil is analogous to that which always accompanies 

accommodation. , K/J^v>^i'^- ^' 

96. The Movements of the PupiL ^J^ ^>^^ ^' ^ j^ ^ 
1° The pupil contracts under the influence of light (reflex by 
the optic nerve). It is not alone the light which strikes the 
retina of a particular eye, but also that which enters the other 
eye, which causes the ccHitraction. The pupils are equal in size, 
even if one eye is exposed to a much stronger light than the 
other. If the pupil does not contract when the light strikes 
the retina of the same eye, and does contract when it strikes 
that of the other eye, we may infer a comjriete amaurosis of 
the eye in question. In complete darkness the pupil reaches 
its maximum dilatation, so that the iris is often not visible (i) 
{Cohn, CI. Dubois'Reymond) . This fact has been demonstrated 
by taking photographs of the eyes in complete darkness: we 
illuminate them with mixtures of powders, the light of which 
does not continue long enough to give the pupil time to contract. 
It is not easy to reconcile this observation with every-day ex- 
perience, which shows that the reaction of the pupil to light 
depends on the oculo-motor, the cutting of which produces only 
a medium dilatation. 

It is manifest that the object of this contraction of the pupil 
is to regulate the quantity of light that enters the eye. 

2° The pupil contracts during accommodation, — ^To examine 
the functions of the pupil we must see whether it contracts : o) 
when the light strikes the retina of the same eye; b) when the 
light strikes the retina of the other eye; c) when the patient 
makes an effort of accommodation. We know that acconmioda- 
tive contraction may exist without the reaction to light, and 
znce versa {Argyll Robertson), The accommodative contraction 
has this peculiarity that even the most peripheral parts of the 
iris show a centripetal movement, which is not generally the 
case for the reaction to light (Hueck). 
The object of this contraction is to eliminate the action of the 



(1) If Uie iris is not Tisible at all, it is an apparent phenomenon, due to 
refraction through the cornea, for if we plunge an eye, the pupil of which is 
dilated to this extent, in water, the iris becomes immediately Tisible (Stcidfeldt) , 
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peripheral parts of the crystalline lens, which do not sufficiently 
accommodate. 

3° The pupil contracts when the aqueous humor escapes. — ^I 
have already remarked that this contraction is also observed 
after death (Arlt), so that it must be considered as a purely 
mechanical phenomenon, which we may identify with accommo- 
dative contraction . I have made some experiments to elucidate 
the nature of this contraction; before describing them it is im- 
portant to speak of the posterior chamber, the existence of which 
has been disputed. 

On examining an eye by oblique illumination, we easily see 
that the border of the iris is in contact with the crystalline lens. 
We also see this very well by examination with the third image 
of Purkinje, which I have mentioned page 50, or by examining 
an eye affected with mature cataract. If we remove the crystal- 
line lens from the eye, or if it be dislocated, the iris shows at 
each movement of the eye the trembling known as iridodonesis ; 
Helmholtz and others were led to infer from these facts the 
non-existence of a posterior chamber; there exists, nevertheless, a 
small space filled with liquid between the crystalline lens, the 
ciliary body and the peripheral parts of the iris. We sometimes 
see in perfect eyes a slight trembling of the peripheral parts of 
the iris when the eye makes a movement. 

The observation of Arlt, showing that we still see the pupillarj' 
contraction after paracentesis has been performed on the dead 
eye, struck me forcibly. To verify it I introduced the point of 
a Pravas syringe into the anterior chamber; by depressing or 
withdrawing the piston we can make the pupil contract or dilate 
at will. By removing nearly all the contents of the anterior 
chamber I was able to reduce the diameter of the pupil to i or 
2 mm. On the contrary, by forcing the injection as far as 
possible, the dilatation may extend so far as to make the iris 
disappear, (i) It is true that one part of the change is only 
apparent, as Stadfeldt has shown: the more the pupil recedes. 



(DWhen we increase the pressure much, the cornea becomes opaque; we can 
make It almost as white as the sclera; as soon as the pressure ceases, it again 
becomes transparent. 
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the more enlarged it is seen through the cornea; but on examin- 
ing the eye under water, we find a very noticeaUe change. The 
phenomenon is difficult to explain; it is not due to the mere 
effect of pressure, for we may compress the eye all we want to 
without observing any change in the diameter of the pupil ; nor 
is it due to a difference of pressure between the chamber and 
the posterior part of the globe, for, by injecting liquid into the 
vitreous body or by removing it, we no longer produce any 
change of the pupil. 

I also injected a solution of gelatine into the anterior cham- 
ber, and then, by hardening the eyes slightly, I obtained pretty 
fair casts. Under these circumstances the posterior chamber 
is also always injected; the cast forms a prismatic ring, with an 
anterior surface corresponding to the iris, a posterior surface 
corresponding to the anterior surface of the crystalline lens and 
an external surface corresponding to the ciliary body. But, 
between the crystalline lens and the part of the iris next to 
the pupil, we never find any gelatine, or if there is any, it is so 
thin a layer that it is destroyed in the work of preparation. 

4° During sleep the pupil is greatly contracted, even in 
amaurotic persons, whose pupil generally is large and motion- 
less. The pupil is also contracted during narcosis, and generally 
when a person is in agony : at the moment of death it is generally 
greatly dilated; this dilatation disappears immediately. In spite 
of the pupillary contraction during sleep the reaction to light 
persists. 

5° On examining the pupil with a magnifying glass we observe 
rhythmic contractions, which, at least in part, correspond to 
the systole, and which are due to the fact that the vessels are 
filling with blood. The contraction is greater when the systole 
coincides with an expiration. We cannot explain in this way 
all the slight contractions of the pupil which are observed with 
a magnifying glass. 

6° We observe a dilatation of the pupil following fright; it 
also accompanies dyspnea, vigorous muscular action or a sharp 
irritation of any sensitive nerve. 
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97. Adyaatage of the Poiitioii of the Pupil near the Hodal 
Point. — Young remarked that if the pupil had been situated 
farther forward in the eye the apparent size of objects would 
have changed every time we made an effort of accommodation. 
We have seen that the image of a point for which the eye is 
not accommodated, forms a circle of diffusion, the center of 
which, corresponding to the middle of the pupil, is frequently 




Tig. 142. 

brighter on account of spherical aberration; if the pupil is not 
too large we may consider this center as a vague image of the 
point. Suppose that, in a state of repose, the eye is focused 
for the object AB (fig. 142). The image of the point A is 
formed at A^ on the line An passing through the nodal point. 
During accommodation the image is moved forward to A,. To 
find the place where the diffuse image is formed on the retina 
we draw the ray Aip passing through the middle of the pupil 
of entrance after refraction, this ray must pass through p^ (i), 
the middle of the pupil of exit, and through Ag; the diffuse 
image is therefore formed at Ag and tlie image of the entire 
object A3 B3 is smaller than the distinct image Aj Bj. In the 
human eye we may observe a slight effect of this kind by using 



(1) On Uie figure we suppose that p and Pi coincide; really they are about 0.7 
millimeters apart 
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our accommodation while observing distant objects; it is more 
pronounced when we replace the pupil by a stenopaic opening, 
at some distance from the eye. 

The position of the pupil near the nodal point has probably 
still another advantage. One of the first qualities that we re- 
quire in a photographic objective is that it be rectilinear, that is 
to say, that the images of the straight lines placed peripherally 
in the field be straight, and not curved. We usually obtain this 
effect by placing the diaphragm in the nodal plane, and the 
position of the pupil near the nodal point of the eye seems to 
play a part for the correct vision of objects seen indirectly. 

Nevertheless, the eye is not rectilinear. It follows from a 
series of experiments described by Helmholtz that, in indirect 
vision, the straight lines appear in the form of curves, the con- 
cavity of which is turned towards the point fixed. If we desire 
to repeat these experiments, we must place ourselves so that 
no other line, which we know to be straight, is in the field, for 
example by stooping over a large table. 

1° We place on the table a small piece of paper A (fig. 143), 
which serves as a point of fixation, and two others, B and C, as 

far as possible from A, without ceasing 
to see them distinctly in indirect vision. 
While fixing A, we try to place a fourth 
piece, D, on the straight line which joins 
B and C. We shall nearly always place 
it too far inwards. 

2° If we place on the table a strip of 
^j^ %j> paper with parallel borders, 8 to 10 centi- 

meters in width, and fix the center of it, 
the borders appear concave towards the 
point of fixation. The strip, therefore, 
appears larger at the middle than towards 
0^ the ends. 
Fig. 143. 3° Guided by theoretical consideration, 

the value of which may appear doubtful, 
Helmholtz designed the hyperbolic chess-board, of which figure 
144 is an illustration diminished in the proportion of 3/16. In 



accordance with his theory, he found that, placed at a distance 
of 20 centimeters, for which the chess-board was calculated, he 

saw the curves assume the appearance of straight lines when 
he fixed the middle. When he stood at a greater distance, the 
lines appeared to have the curvature which they really had; 
moving nearer and nearer, he saw the curvature diminish and 
finally completely disappear. The distance at which the curva- 
ture disappeared was each time almost exactly 20 centimeters. 
If he approached nearer still, the lines presented the reverse 
curvature, appearing concave towards the middle. 




^ 



Fig. 144. — Hyperbolic clicsa-boari) of Hetmholtt. 

4° Another experiment of the same kind consists in placing 
a circular piece of cardboard in the periphery of the visual field; 
above or below we see it elongated in the horizontal direction, 
while on the two sides it appears elongated in the vertical di- 
rection. 

We can express all these phenomena by saying that the visual 
field is seen narrowed towards the periphery. Let us suppose 
the plane visual field divided into equidistant zones, and suppose 
that we gave an illustration of it by making the zones diminish 
towards the periphery. We would thus obtain analogous de- 
formities; the straight lines would be represented by curves 
concave towards the middle (see page iiS). A circle placed 
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peripherally in the field would become narrower in the radial 
direction, and so forth. 

To explain these observations, Helmholtz called attention to 
another observation which he made, and which is itself a conse- 
quence of the law of Listing (see chapter XIX). 

Standing in front of a wall we look at a point A situated on a 
level with the eyes; we then raise the look, without changing 
the position of the head, towards the horizontal line which 
forms the upper edge of the wall. Moving the look rapidly 
along this line, we see it concave, with the concavity turned 
downwards exactly as we would see it in indirect vision by 
fixing the point A, if it was sufficiently distinct. 

Faithful to the empiric theories by which he tried to explain 
most observations on physiologic optics, Helmholtz supposed that 
this illusion was the cause of the preceding one. Surveying the 
line with the look it appears curved on account of the law of 
Listing, and it is because we have thus learned that it appears 
curved that it does usually appear so in indirect vision also. — 
We must note that this way of observing the line, namely by 
surveying jt with the raised look, appears altogether unusual. I 
do not think that before making this experiment I ever looked 

at a line in this way, as it would be 
more natural for me to raise my head 
to look at it, and in this case the il* 
lusion disappears. It is, therefore, not 
easy to understand how I would have 
known that the line ought to appear 
curved. 

But the following experiment is 
still more at variance with the ex- 
planation in question. I had con- 
structed a small artificial eye (fig. 
145), all the dimensions of which ap- 
proached as nearly as possible those 
of the human eye. The cornea and 
the crystalline lens are of glass, and 
have the same curvature as in the human eye; in order to 




Fig. 145. 
Artificial eye. 
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remedy somewhat the excessive refraction of the crystalline 
lens, I filled the eye with a mixture of glycerine and water, 
the index of which is a little higher than that of the vitreous 
body. The retina ts replaced by a hollow hemisphere of ground 
glass, having nearly the curvature of the retina of the human 
eye. Although the refraction may not be absolutely identical 
with that of the human eye, the diflference, however, cannot be 
very great. 

With this eye I repeated and succeeded in all the experiments 
cited above (fig. 146). The image of the 
black strip has the borders convex towards the 
periphery; in order that the borders of the 
image appear straight those of the object must 
be concave. The image of a circle appeared 
shrunken in the radial direction, etc. The ex- 
periment with the chess-board of Helmholts 
is still more conclusive. As long as the eye ^"K- ^**- — iniago o' 
is at a great distance, the image is like the ^ja^^ ^ "* 
object; but, according as we move the eye 
nearer, the curvature of the line becomes obliterated, and very 
close to the drawing the lines of the image appear concave on 
the inside. I tried to determine the place where the direction of 
the curvature changes, or in other words the place where the 
figure appears most rectilinear, and each time I found a distance 
of 20 centimeters, at least as exactly as when making the experi- 
ment with my own eye. 

According to this experiment it seems to me beyond doubt 
that ail these deformities depend primarily upon the form of 
the retina. Projecting a plane on a hollow sphere, we necessar- 
ily obtain towards the periphery a narrowing of the projection 
anal<^us to that which we have found for the eye. It is possi- 
ble, however, that the position of the pupil in front of the nodal 
point may play a certain pert, for the illusion appears to me 
rather more pronounced if I look through a stenopeic opening, 
which acts as an artificial pu[Hl placed in front of the eye. 

This touches one of the fundamental questions of physiologic 
optics. I wish to speak of the antagonism between the nativistic 
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and the empiric ideas. Although this question is beyond the 
scope of the present v^rk, I shall consider it for a moment. 

Looking at a window^ the visual sense tells me that it is square. 
How can the eye give this information? The nativists, among 
whom we must first mention Hering, say that, by an unknown 
congenital mechanism, the retinal impression gives directly to 
the mind the idea of the form of the object. We could express 
this idea by saying that, by an unknown mechanism, the mind 
sees the retinal image. The empiricists, among whom Helmholts 
is the most celebrated, say that the retinal image gives us pri- 
marily no information on the form of the object, that it is only 
a "sign" of the object, almost as the letter A is the sign of a 
certain sound; by the movements of the eyes and by information 
furnished by the touch, we learn that this sign is to tell us that 
the object is square; Helmholts expressed his ideas thus: "As 
for me, I think it probable that the figure, form and position of 
the true retina, as well as the deformities of the retinal image, 
are absolutely unconcerned with vision, provided the image be 
distinct in its whole length, and that the form of the retina and 
that of the image remain perceptibly invariable from one mo- 
ment to another. We have absolutely no knowledge of the 
existence of our retina." 

Under the influence of Darwin, an effort was made (Bonders) 
to reconcile the two schools by saying that the qualities in ques- 
tion are the result of experiences, not of the individual, but of 
the species. Understood in this sense the empiric ideas scarcely 
differ from the nativistic ideas, the qualities being then con- 
genital in the same sense as, for example, the actual form of 
our organs, and we would then have to distinguish sharply be- 
tween what we may suppose learned by the same individual and 
what is due to the experience of the species. 

The empiric theories are more attractive because they make 
an attempt at explanation, while the nativistic theories exclude 
all hope. But it would be necessary to apply them only to the 
phenomena for which they readily adapt themselves, and it 
seems to me that the great physicist of Berlin has gone too far 
in being willing to deny the relation between the illusions here 
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described and the deformities of the retinal image. It seems 
to me that there must exist a mechanism by which we can ac- 
count for the existence of these deformities. 

Bibliograi^. — ^The opposition to the too free application of empiric 
ideas does not date from yesterday. See (Euvres de Young, p. 239. "We 
are certainly obliged every moment to call experience to oar aid in order 
to correct the errors of one of the senses by comparison with the per- 
ceptions of the others. [But] it seems to ma that some scientists go too 
far when they assert that the use of all our senses is derived from experi- 
ence alone without being willing to admit the existence of an instinct on 
a par with it," etc 

Arlt (F.). Zwr Anatomie des Auges. Arch. f. Ophth. 111, 2. — ^Da Bois- 
Beymond (CL). Ueher Photographien der Augen bet MagneHwanhUts. 
Arch. f. Physiologie, 1888, p. 394. — Tscheming (M.). La oaniradion de 
I'ina aeeompagnani VicauUmeni de Vhwnewr aqueuse, BolL de la Soc 
franc d'opht., 1885, p. 305. — Tscheming (M.). Quelques eansSquenees 
de la loi de Liating, Ann. d'oc, Sept., 1888. — Tscheming (M.). La 
dSformaiion dee objeU vus indirectemeni. BulL de le Soc franc d'opht., 
1895, p. 403. 
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CHAPTER XV 

CHANGES WHICH THE RETINA UNDERGOES 

UNDER THE INFLUENCE OF UGHT 

98. — The sensitive layer of the retina is, in all probability, 
that with the cones and rods. Besides the fact that the very 
structure of the layer makes this hjrpothesis probable, it is fur- 
ther strengthened by the experiments and measurements of H. 
Milller (on the entoptic vision of the vessels, see page i86) as 
well as by observations on visual acuity. But we have not suc- 
ceeded in explaining in a satisfactory manner the mechanism 
by which light is transformed into nervous action. Wle have 
succeeded in proving a certain number of changes which the 
retina undergoes under the influence of light, and we have 
studied on the other hand the functions of the retina, which are 
now very well known, but we have not succeeded in explaining 
their mutual relations. 

Retinal Purple. — If we examine the eye of an animal which 
has been left in darkness for some time before enucleation, we 
find that the external segment of the rods has a purple color 
which disappears very quickly under the influence of daylight, 
passing through a yellow tint. The cones have not this colora- 
tion and the fovea of the human eye, which is composed of 
cones only, is without color. If we expose the eye of a living 
rabbit to daylight for a quarter of an hour, the purple first 
changes to a yellow and then completely fades away. Placing 
it so that the image of a bright object, a window for example, 
may be formed on the retina, we can thus obtain a permanent 
image (optogram). li, after having caused the purple to fade 
away, we leave the animal in darkness, the purple color returns 

gradually, provided that the retina be in contact with the pig- 
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ment cells. It is not necessary that they be the pigment cells 
of the same animal: if we place the retina of one eye in the 
place of that of another eye the reproduction of the purple is 
also effected in darkness. 

Vision does not depend on the retinal purple, since there is 
no purple in the fovea, since rabbits whose retinae we have al- 
lowed to fade away completely are not blind, and since there 
are certain classes of animals, serpents for example, in which 
the purple is wanting. 

The retinal purple was discovered by Boll in 1876; subse- 
quently Kuehne labored much with the question, studying es- 
pecially the chemical properties of the retinal purple and yellow. 
The enthusiasm with which the discovery of Boll was first re- 
ceived quickly grew cold when it was seen that it did not give 
a direct explanation of the mechanism of vision. Some time 
ago the question was again taken up and an effort made to 
put the retinal purple in relation, on the one hand, with the 
vision of certain colors, on the other with the adaptation of the 
retina to very feeble light. These efforts, some of which will be 
mentioned later on, have, up to the present, only a hypothetic 
character. 

99. MovementB of the Pigment under the Influence of light. — 
By experimenting with frogs, Boll observed yet another phe- 
nomenon dependent on the influence of light. He observed that 
it was easy to separate the retina from the epithelium when the 
animals are left in darkness for an hour or two before death. 
If the animal has been exposed to light for a certain period 
before enucleation it is, on the contrary, difficult to separate 
them, and if we sever the retina we find it covered with black 
pigment spots which adhere to it. We know that the epithelial 
cells send prolongations between the rods which they separate 
from one another. In darkness the pigment is found massed 
between the exterior segments of the rods, but under the in- 
fluence of light it is displaced so as to cover the terminal surface 
of the rod, and is projected among the rods, sometimes even 
to the external limiting membrane. The external segment of 
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Ihe rod is swollen at the same time. Analogous phenomena have 
been described in the eyes of birds, mammals, and also in a 
human eye. 

Van Genderen Start made a step in advance in the biology of 
the retina by using a method by which the retina is hardened in 
a very little while (nitric acid) ; instead of cutting the retina 
with a microtome he hacked it with a razor. He showed that there 
is yet another change which the retina undergoes when exposed 
to light. In an animal left in darkness some time before death, 
we find the internal part of the cones long and filiform, and the 
length differs for different cones so that the latter are arranged 
in several rows quite a distance from the limitans externa. If, 
on the contrary, the animal has been exposed to light, the internal 
part of the cones is shortened and swollen : all the cones are 




Fig. 146o. — Section of the retina of a frog, Afti-r Van Gendereit Start. 
A, in darlcneaB; B, in light. 



placed in a row along the limitans externa (fig. 146(1). Accord- 
ing to Van Genderen Start the retinal purple is also in the cells 
of the pigment epithelium, and it is probably secreted by thi 
cells. He thinks that the pigment displacement has for its obj' 
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the protection of the rods against light, and that it is due to this 
fact that the epithelial cells send, under the influence of light, 
prolongations between the rods, almost like the cells, called chro- 
matophres, which make the skin of some lower animals change 
color under the influence of light. Vcm Genderen Start was kind 
enough to make a present of some of his beautiful preparations 
to our laboratory. The phenomena are so distinct that the first 
glance at the preparation enables one to tell whether the animal 
was exposed to light or not. 

We must note further that Kuehne observed certain galvanic 
phenomena dependent on the action of light on the retina. 

Bibliography. — Boll (F.). Du Bois-Seymonds. Arohiv. f, Anat. u. 
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CHAPTER XVI 

THE UGHT SENSE 

The functions of the retina are divided into three classes : the 
light sense, the color sense, and the form sense. 

The light sense is the faculty of recognizing the different lu- 
minous intensities. 

100. Pqrohophyiieal Law of Feohner.— According to this law 
the smallest difference of perceptible illumination is a constant 
fraction (abbut i per cent.) of the total illumination. 

Fechner came to formulate his law by the following observa- 
tions. One day he found a scarcely perceptible difference of 
brightness between two clouds, and was much surprised to see 
this difference persist on looking through a quite dark smoked 
glass. He calls this law psychophysical because, finding it also for 
other senses, he was led to consider it as a general law of per- 
ception. If, for example^ a line must have a length of 105 milli- 
meters in order that we can tell with certainty that it is longer 
than another of 100 millimeters, we will also find that a line 
must be at least 210 millimeters for us to be able to tell with 
certainty that it is longer than another of 200 millimeters. In 
both cases the relation between the smallest perceptible differ- 
ence and the total length is the same, one-twentieth. It is so also 
if we examine the smallest perceptible difference between two 
weights, and so with the other senses. 

We notice that our senses differ in this respect from most of 
our instruments. With an ordinary double decimeter, the shortest 
distance that we can measure (I do not say estimate) is a half- 
millimeter; the smallest measurable difference between two lines 
would be, therefore, a half-millimeter, and this whatever may 
be the length of the lines to be measured. 

To determine the ratio between the smallest difference of per- 
ceptible illumination and the toal illumination, Fechner used the 
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following experiment which had already been described in the 
middle of the last century by Bouguer and by Lambert. The 
former had also observed the fact on which Fechner later based 
his law. 

1° Let us place at some distance from a screen two candles, 
A and B (fig. 147), of equal intensity I, and place between the 
candles and the screen a stick so that it forms two shadows a 
and b on the screen. The shadow a is formed by A, and conse- 
quently illuminated only by B ; the shadow b receives light only 




Fig. 147. — Experiment of Bouguer. 

from A, and the remainder of the screen receives light simultan- 
eously from B and A. By moving B away from the screen, the 
shadow b becomes weaker and weaker, and when the distance 
of B from the screen is nearly ten times that of A it ceases to 
be visible. 

2° We replace the candles by others of one-half less intensity, 
and repeat the experiment : we find, as in the preceding case, that 
the shadow ceases to be visible at the moment when the distance 
of B from the screen is about ten times that of A. — ^And we 
shall find the same result, whatever may be the intensity of the 
candles. — The law of Fechner is thus verified. 

Suppose that, in case of 1°, at the moment when the shadow 
disappears, B is at 500 centimeters from the screen, A at 50 
centimeters. We know that the illumination is proportional to 
the intensity of the luminous source, and inversely proportional 
to the square of the distance. A gives, therefore, to the screen 
an illumination of -i- , B an illumination of -i. , while the shadow 
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b receives an illumination of J- only. The difference between the 
illumination of the screen and that of the shadow is therefore : 

and the ratio between this difference and the illumination of the 
screen is 



600> 



4- 



i 10« 4- 1 101 



60« 500« 

or Y^-^, since the measurement is not very exact. 
In case 2° the relation is 

1/21 



600« 



1/2 1 , 1/2 1 - 101 
60« 600« 



It is consequently the same in both cases. 

The law of Fechner explains many of the phenomena daily 
observed. — If, after having performed with the candles the ex- 
periment cited above, we open the shutters so that the daylight 
strikes the screen, the shadows disappear. The difference be- 
tween the illumination of the shadow and that of the screen re- 
mains the same, but the ratio between this difference and the 
total illumination of the screen is much below the fraction of 
Fechner. — We read as well in the evening, with a gas light, 
as in day time, although the illumination in day time is enorm- 
ously more powerful, because the ratio between the light re- 
flected by the black letters and that reflected by the white paper 
remains the same. — In a space illuminated by a very powerful 
lamp, the flame of a candle held at some distance from the screen 
produces a shadow of it, because it absorbs a part of the light 
of the lamp. If we move the candle nearer the screen, the illu- 
mination increases and the shadow disappears, although the dif- 
ference of brightness between it and the background remains 
the same. 
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The law of Fechner is true only for medium degrees of illiuni- 
nation. If the illumination becomes very feeble, the difference 
must be relatively much more considerable. We read very well 
with a gas light ; but if we lower the flame much we cannot read 
any longer, although the ratio between the light reflected by the 
letters and that reflected by the paper remains the same. — It is 
possible that this difference may be due to what is called the 
retina's own light, an expression by which we designate the 
feeble glow which may still be perceived in a completely dark 
room, and which is due to internal causes (friction of the blood 
in the vessels of the retina against the sensitive layer, perhaps 
also processes in certain parts of the brain, etc.). WIe can con- 
ceive that, if this light is added to that reflected by the printed 
sheet, the difference of brightness between the letters and the 
white sheet may fall below the limit of Fechner, — ^The law of 
Fechner also ceases to be applicable when the light is very strong. 
This is why we cannot see the spots on the sun with the naked 
eye, on account of the dazzling, but very well with a smoked glass. 

But, within the very extended limits which correspond almost 
to the limits of illumination which we use, the law of Fechner 
is verified with very great exactness. It is not absolute, how- 
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Fig. 148. 



ever : in order to distinguish very fine shades, it seems that there 
is a certain illumination which is most favorable, viz., that which 
approaches the light of a clear day. 

The acuity of the light sense may be expressed by the inverse 
of the fraction of Fechner. If the latter be -L ,we say that the 

100 ^ 

acuity of the luminous sense is equal to lOo; if, by greatly 



jji PHYSIOLOGIC OPTICS 

Jjuimsidtig the illumiiiation^ the fraction rises to -L- we say 
fhit the acuity is only 50, and so forth. 

We could illustrate the relation between the light sense and 
the iilaminaticm by a curve which would have a form like that 
of figure 148. The division of the horizontal line would indicate 
the degree of illumination^ beginning on the left by complete 
daricness, and terminating on the right by the light of the sun. 
Tlie ordinate of each point of the curve would measure the 
acuity of the light sense. As long as the illumination is very 
weak, the eye sees nothing: when it reaches a certain degree 
which, in the figure, is marked by the letter a, the eye begins to 
be able to distinguish white objects. This degree of illumina- 
tion» which forms the lowest limit of visibility, is called threshold 
(*'Reizschwelle"). As long as the illumination remains so feeble, 
the light sense is not very acute; the perceptible differences are 
considerable. But the acuity increases quicldy, and when the il- 
lumination has reached a certain degree, b, the acuity reaches 
the degree which it holds for a long time, until the illumination 
has attained the power c. It is for the part be that the law of 
Fechner is true, but not exactly, for this part of the curve is 
not altogether straight. It reaches its highest point at M. 

If we increase the light still more, the luminous sense falls 
quickly; there is again need of very considerable differences of 
light in order that the differences may be distinguished. 

Let us designate by a the smallest difference of appreciable 
sensation. If a light of a certain intensity I produces a certain 

sensation S, there is need of an intensity I+iJo^^^lSi^ ^^ P^^ 
duce the sensation S+a, an intensity ofl?^I+^* x ^ = 1 (-^Y 
to produce the sensation S+2a, an intensity of I ( ^)3 to pro- 
duce the sensation S+30, and so forth. It is under this form 
that the law was promulgated by Fechner, for the fact itself was 
known since the works of Bouguer at the commencement of the 
eighteenth century. The right by which we make the differences 
designated by a equal to one another may be disputed. 

101. Measurement of the light Sense. — We usually limit our- 
selves to determining: 
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1° The threshold, the lowest limit at which the eye begins to 
distinguish anything (corresponding to the point a of the curve) ; 
2° The least diflFerence of brightness which we can distin- 
guish by ordinary illumination, corresponding to B6 or to Mm 
(fig. 148). It is this determination which we have just made 
with the candles. 

We determine the threshold (i) with the photoptometer of 
Foerster (fig. 149). It is a box painted black inside. The pa- 
tient looks through two 
apertures, correspond- 
ing to his eyes a and 
aj, towards a white 
surface, placed at the 
|a^ far end of the box, on 
which are traced large 
black marks T. The 
only light which can 
penetrate into the box 

Fig. 149. . 

comes from a square 
window F, the aperture of which we can change and which is 
placed beside the apertures through which the patient looks. 
Behind the window, which is covered with oil paper, burns a 
standard candle L. The minimum aperture of the window per- 
mitting the patient to see the black marks gives the threshold. 
The test is not very exact ; it is diffiicult to obtain very uniform 
answers, and adaptation enormously influences the result. 

The photoptometer of Charpentier, also intended to determine 
the threshold, consists of a tube, 22 cm. long and 5 cm. wide, 
the extremities of which are closed by plates of ground glass A 
and B. At the middle of the tube are placed two lenses of 
II cm. focal distance, and between them a diaphragm with 
changeable aperture. On illuminating the plate A the lenses 
project an image of it on the plate B, the brightness of which 




(1) It is doubtful whether the determination of the threshold ie really any- 
thing else than the determination of the fraction of Fechner for a very weak 
illumination. — Theoretically, for the determinaUon of the threshold, it ought 
to be required that the eye can compare a very weak light with absolute black; 
but we cannot produce absolute black on account of the retina's own light. 
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image we may cause to change by changing the aperture of the 
diaphragm. It is the plate B which serves for the observation ; 
for the protection of the eye of the observer we may add to 
it a second tube blackened internally, the length of which cor- 
responds to the distance for work of the observer. An eye- 
shade which permits of exact adaptation to the borders of the 
orbit excludes all extraneous light. The minimum aperture of 
the diaphragm which permits the observer to distinguish the 
plate B, determines the threshold. — ^In every instrument of this 
kind the difficulty consists especially in finding a luminous source 
which can give a constant and uniform illumination. 

In order to determine the smallest perceptible difference we 
can use the method with the candles, described above. Another 




Fig. 150. — ^Dise of Mastan, 

method consists in the use of the disc of Masson, a white disc of 
which sectors of different sizes have been blackened (fig. 150). 
By subjecting this disc to a sufficiently rapid rotation, we see 
three gray rings separated by white intervals. Supposing that 
the sector a is 20°, the sector b 10° and the sector c 5°, and 
supposing, which is not strictly true, that the black does not 
reflect any light at all, the brightness of the three gray rings 
would be 340, 350 and 355, if we place the light of the white 
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rings at 360, The difference between the exterior gray rings 
and the white will be 5, and the relation between this difference 
and the white will be _* =_L, which represents the value of 
the fraction of Fcchner of the examined subject, if he can dis- 
tinguish the three images. If he can distinguish only two, the 
fraction of Fechner js^^'t" y° — J-, and so forth. A great num- 
ber of rings must be used ; the illumination must be good, and 
the patient must not be too far away, in order to eliminate the 
influence of a diminished visual acuity. It is evident, however, 
that we cannot completely eliminate it ; the acuity may be so 
poor as to prevent the patient from distinguishing anything. 

To obtain an impression of a uniform gray with the disc of 
Masson, it is necessary that it rotate with a certain speed, about 
20 to 30 times per second. If the disc carries several black and 
white sectors, alternating, the speed may be less. In case the 
speed is not sufficient, the disc gives a scintillating impression 




Fig. 15O0.— A, Disc of HelmhoUi; B. Disc of Benftom, 



and we often observe on it very beautiful colors. The disc A 
(fig. 150a) has been described by Hehnliolts: with a certain 
speed the external ring shows very vivid colors, among which 
the red and green predominate; they are often arranged in a 
manner which recalls a series of short spectra, as we observe 
them with gratings. But the phenomena are very changeable; in 
the second ring, which has only four sectors, the yellow and blue 
predominate with this speed, hut only to a slight extent. If we 
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increase the speed the external ring gives a uniform gray, while 
the second ring assumes the appearance which the external ring 
had previously. In figure 150a, B represents the disc of Benham. 
If we make it rotate in the direction of the arrow, the arcs form 
concentric circles which present quite vivid colors in the follow- 
ing order, starting from the middle: red, brown, olive-green, 
blue. Making the disc rotate in the opposite direction, the order 
of the colors is reversed. The most beautiful of the colors is 
the red; the circles seem traced in blood. 

The nature of these phenomena is not yet elucidated. We 
must not think that it is due to a decomposition of the white 
light, for the experiment succeeds perfectly when illuminating 
the disc with homogenous light, providing it is suffidently strong 
We even see colors of this kind when looking towards the homo- 
genous sodium flame. 

Another method of studying the power of distinguishing differ- 
ences of brightness consists in examining the visual acuity for 
pale letters, the brightness of which we can determine by com- 
paring them with the rings on the disc of Masson. This method, 
which was described by Javal, was later developed by Bjerrum. 
It would be better to have a series of tables of visual acuity 
with paler and paler letters, but generally one suffices ; Bjerrum 
recommended the use of letters, the brightness of which is one- 
twelfth weaker than that of the background. For these letters, 
a normal individual has an acuity of about one-third the acuity 
which he has for black letters on a white ground. It is evident 
that this method cannot be considered as an exact measure of 
the light sense, since the visual acuity plays a great part in the 
response of the patient. In order to eliminate to a certain ex- 
tent this influence, one can use one's own eye as a control, by 
lowering his visual acuity by means of a convex glass, until it 
is equal to that of the patient. 

f 

s 

102. Besnlts. — The threshold of the normal eye was deter- 
mined by Aubert. He found that the weakest light that we 
can distinguish is that of a sheet of white i>aper illuminated by 
a candle placed at a distance of from 200 to 250 meters. The 
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threshold varies much with the state of adaptation of the eye; 
placed in a dark room^ we do not at first distinguish objects 
which we see very distinctly later on when accustomed to the 
darkness. For the determination of the threshold it is, there- 
fore, necessary to leave the patient some time (as much as 20 
minutes) in the darkness, with eye bandaged, before banning 
the examination. It seems that, by this stay in the darkness, 
the entire curve (fig. 148) is displaced towards the left, and 
also to its extreme limit, for on leaving the darkness the eye is 
dazzled by an illumination which it usually bears very well. 

The fraction of Fechner varies in normal persons between— L 

"^ 100 

and -i- (0.55 to I per cent.). 

190 

For a very weak illumination, the light sense of the macula 
is less acute than that of the surrounding parts; by fixing a 
point a little to one side of it, we better distinguish objects the 
brightness of which differs only slightly from that of the back- 
ground, for example, when we try to distinguish very dim stars. 
According to certain authors, Parinaud for instance, this phe- 
nomenon must be attributed to the fact that the fovea does not 
possess the faculty of being able to adapt itself to very weak 
illtuninations like the rest of the retina, and this difference is 
explained, because the fovea, composed of cones, has no retinal 
purple, which is considered as the organ of adaptation. This 
hypothesis is confirmed by another fact, namely, the knowledge 
that the time of repose which the eye requires to reach complete 
adaptation is nearly the same (about 20 minutes) as that which 
is necessary for the reproduction of the purple. It is possible, 
however, that the inferiority of the macula may be partly due 
to its yellow pigmentation. The pigment absorbs a part of the 
blue rays, which, as we shall see, play a dominant part in vision 
by weak illuminations. 

The threshold is displaced upwards in patients suffering from 
hemeralopia. It seems, however, that, in many cases, there is 
question rather of an anomaly of the adaptation, which requires 
much more time to take place than in the normal eye. Leaving 
a person affected with hemeralopia in darkness, he continues to 
improve for some time. We can prove the existence of hcmera- 
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lopia with the photoptometer of Foerster, or by examining the 
visual acuity while we lessen the illumination. Hemeralopia is 
a constant symptom of pigmentary retinitis ; we meet it as often 
in cases of sjrphilitic retino-choroiditis, sometimes in cases of 
detachment of the retina or in glaucoma. It is extremely rare 
in cases of pure atrophy of the optic nerve. In cases of idio- 
pathic hemeralopia, we find nothing in the fundus of the eye; 
this disease is often congenital and hereditary, and therefore 
incurable ; if, on the contrary, the disease has existed only for a 
short time, its prognosis is favorable; it scmietimes has an en- 
demic character. It may happen that the peripheral part of the 
visual field only is affected; we then establish the existence of 
the disease by examining the visual field with a weak illumina- 
tion. 

We sometimes meet cases in which the fraction of Fechner is 
increased ; in which, consequently, the patients cannot distinguish 
gray from white. This affection is met with especially in cases 
of atrophy of the optic nerve and in central scotoma. — One of 
the first cases of this kind was observed at the clinic of Hansen 
Grui, at G)penhagen, and described by KrencheL It was a 
patient who presented himself, saying that he did not see well 
enough to find his way. Examined with the ophthalmoscope, 
the papillse were whitish, the visual acuity was normal, and the 
visual field was only slightly contracted. It was puzzling, there- 
fore, to explain the complaints of the patient until the idea of 
examining him with the disc of Masson presented itself: the 
fraction of Fechner had increased to J_. The patient distin- 
guished perfectly black on white, but was unable to distinguish 
between gray shades, as they present themselves, for example, 
in street paving ; whence the difficulty which he experienced find- 
ing his way. 

We sometimes meet patients who claim that they see better 
when the illumination is low (nyctalopia). Examining their 
visual acuity, we find, however, that it does not increase when 
we lessen the illumination (at least in cases in which we have 
not to do with a purely optic phenomenon : this is why a central 
leucoma becomes less annoying when the pupil is dilated). — But, 
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on comparing these persons with a normal person, we note that 
by lessening the illumination the acuity of the normal person 
diminishes more quickly than that of the patient. If the normal 
person has an acuity three times that of the patient by ordinary 
illumination, it may happen that on diminishing the illumination 
both would have the same visual acuity. Persons suffering from 
a central scotoma sometimes complain of nyctalopia for a like 
reason. We have seen, indeed, that the superiority of the tnacula 
over the rest of the retina diminishes with the illumination, so 
that with a very weak illumination the fovea does not see so 
well as the rest of the retina. We can understand, therefore, 
that a central scotoma may cause relatively less annoyance when 
the illumination is weak. 

We must recall, too, the quantitative measurement of the light 
sense in persons affected with cataract. The patient ought to be 
able to recognize the illumination of an ordinary lamp at a dis- 
tance of 4 to 5 meters, or that of a candle at 2 meters, and its 
projection must be good, that is to say, the patient must be 
able to tell the direction in which the luminous source is located. 
If the patient does not satisfy these conditions, we may conclude 
that there exists an affection of the fundus of the eye, which 
compels us to make an unfavorable prognosis. 
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CHAPTER XVII 

THE COLOR SENSE 

103. General Semarks. — On analyzing any color with the 
spectroscope, we find no other tints than those which compose 
the solar spectrum, mixed in different proportions. The only 
colors which would seem to form an exception, the brownish 
colors, are really red and yellow colors of slight intensity, more 
or less mixed with white. To examine the color sense, therefore, 
we may limit ourselves to the study of spectral colors and their 
mixtures. We have thus the advantage of experimenting with 
pure colors, which are easily definable by the wave length of 
the rays. The use of colored papers, although very convenient, 
has many drawbacks, in consequence of the impossibility of de- 
fining exactly the color of the paper used, so that another ex- 
perimenter may be able to procure a similar tint. On the con- 
trary, if we obtain a result with spectral light of a certain wave 
length, the experiment may be described in a very exact man- 
ner, the only condition which may be left uncertain being the 
intensity of the light used. On analyzing blue spectral light 
with the spectroscope we find only blue, while the light reflected 
by a paper of this color contains, besides blue, most of the other 
colors of the spectrum. There is another way of procuring pure 
colors, for the incandescent vapors give monochromatic light, at 
least approximately. Thus the sodium flame gives yellow light 
of a wave length of 0.59^, the lithium flames red light (0.67^), 
the thallium flame green light (0.54 fi), and the strontium flame 
blue light (0.46^). But, as a rule, these flames are in less com- 
mon use than spectral light. The light which passes through 
colored glasses is generally far from being monochromatic; we 
must, however, except red glasses, colored with oxide of copper, 
which, when they are a little dark, allow scarcely any but red 
rays to pass. Among liquids we sometimes use the solution of 
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bichromate of potash, which absorbs the blue extremity of the 
spectrum, and the solution of sulphate of copper-ammoniac, 
which absorbs the red, the yellow and part of the green. A 
mixture of both allows a quite pure green light to pass. 
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Fig. 151. — ^I. Spectrum of refraction. — 11. Speetrum of diffraction. 
The numbers indicate the wave length in hundredths of ^. 

We distinguish between the spectra of refraction, formed by 
means of prisms, and the spectra of diffraction, which are ob- 
tained by allowing light to pass through a grating, that is to say, 
a glass plate on which a g^eat number of very fine parallel lines 
have been traced. 

The spectra of refraction are preferable because they are, 
generally, purer than the spectra of diffraction. They have this 
inconvenience that the relative width of the different colors 
varies iHth the prism used. The red and orange colors are re- 
duced to a relatively small space, while the blue and violet colors 
are stretched out over a large surface. In the spectrum of dif- 
fraction, the distance between the different colors is, on the 
contrary, proportional to the difference of the wave length 
(fig. 151), so that all the spectra of diffraction are alike and 
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form, so to speak, the normal spectrum. The yellow is at the 
middle of the spectrum; the red and orange occupy half, the 
green, blue, indigo and violet the other half. 

As landmarks in the spectrum, we frequently use the lines of 
Fraunhofer, the wave lengths of which have been very exactly 
determined. Say, for example, that the rays, which we use, 
are situated at half the distance between £ and F; on the scale 
of figure 151 we see that the light used must have had a wave 
length of 0.50 to 0.51^ — It is better, however, to determine the 
wave length directly, which is easily done by means of a grating. 

I have already observed that there are in the spectrum rays 
beyond the red which are not visible. The extreme visible red 
corresponds nearly to a wave length of 0.8^. The colors then 
follow in the well-known order : red, orange, yellow, green, blue, 
indigo, violet. Beyond the violet come ultra-violet rays, which 
are not visible under ordinary conditions, but which can be ob- 
served by means of a photographic plate, or by receiving them 
on a fluorescent screen, or simply by eliminating all other light 
according to the method given on page 131. They are then seen 
with a certain grayish color, which is, perhaps, partly due to 
the fact that the retina is fluorescent. 

We distinguish colors according to their hue (tone), their 
purity or tint (saturation) and their brightness or shade (in- 
tensite). The tone or hue depends on the wave length alone, 
or, in other words, on the position of the color in the spectrum : 
the red has a different hue from the green, etc. The saturation 
or purity depends on the white which is found added to nearly 
all existing colors, except those of the spectrum: the less white 
there is, the greater the purity of the color. The intensity or 
brightness depends on the quantity of light. If we have formed 
a spectrum by means of a certain luminous source, and then in- 
crease the intensity of this source, the intensity of all the colors 
of the spectrum increases at the same time. 

The hue changes constantly in the spectrum: that is to say, 
if we take light from two different parts of the spectrum, we 
cannot make them alike by changing their brightness. The 
change reaches its greatest rapidity in the green-blue part of 
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the Spectrum, where even a variation in the wave length of 
cooi^ produces a change of hue; the rapidity diminishes towards 
the extremity, and in the extreme parts of the red and violet 
the hue remains the same (Kcmig and Dieterici). — According to 
Kcenig we can distinguish about i6o different hues in the spec- 
trum. On the other hand, according to the same author, the 
eye can distinguish about 600 different degrees of brightness be- 
tween the threshold and dazzling light. This is true for white 
and probably also for the different hues of the spectrum, but 
the total number of different impressions between which the eye 
can make a distinction is, however^ less than one would think 
in view of these indications, for when the brightness becomes 
very great or very feeble, the color disappears as we shall see 
forthwith. 
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Fig. 152. — ^Table of colors after Newton. 



On examining the spectrum it is easy to see that our sensations 
or colors form a continuous series. We begin with the red, 
which passes from orange to yellow, etc., and end with the 
violet, the tint of which presents an analogy to the red. The 
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intermediary color between the red and violet, purple, is not 
found in the spectrum, but it would be possible that this color 
would be produced by ultra-violet rays if the retina were not 
fluorescent. 

We can, therefore, represent the gamut of the colors by a 
dosed curve. The simplest form we can give to this curve is 
that of a circle (fig. 152), replacing, however, the part corre- 
sponding to the purple by a straight line ; we shall soon see why. 
We suppose all the colors of the spectrum placed on this circle 
in their natural order. At the center is the white, and on the 
right, going from the white to one of the spectral colors, are 
the different tints, the purity being greater as we approach the 
spectral color. If we mix two colors, the mixture will have one 
of the intermediary hues often bleached with white, and if we 
mix, in suitable proportions, two colors situated opposite to each 
other on the table, we obtain pure white. Two colors which, 
when mixed, give white, are called complementary. For this 
reason red is complementary to green-blue, green to purple, 
yellow to indigo and orange to blue. 

It was Newton who first arranged the colors as in this table. 
We find in it all hues and all degrees of purity. 

I must add a few words on the sensation of black. First, it 
must be noted that black produces a real sensation: to see black 
is not the same thing as to see nothing at all. The most striking 
example is that of the spot of Mariotte, which corresponds to 
the papilla. In this spot we see nothing, but we do not see it 
black. By looking directly in front, one sees a part of the space 
in which one is ; in regard to that which is beyond the limits of 
the visual field, one does not see it, but it does not appear black. 
The impression of black is, therefore, a true sensation, which 
corresponds to the state of repose of the visual org^n. 

There exists no completely black object in nature: even black 
velvets still reflect a comparatively considerable quantity of light. 
A black object placed in the direct light of the sun may appear 
clearer than a white object placed in the shadow. 
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According to some measurements which I have made, the 
whitest paper which I could find (visiting cards) returns only 
about a third of the incident light (37 per cent.). The normal 
white of Kanig, which is obtained by burning a thread of mag- 
nesium and allowing the vapor to be deposited on a sheet of 
paper, sends back about two-thirds of the light; its whiteness is 
nearly that of snow. Ordinary black paper (bristol black) re- 
turns nearly 5 per cent, of the incident light (1.5 per cent, of 
the quantity reflected by the white paper) ; black velvety paper 
sends back about 5 to 1000 of the incident light (1.5 per 1000 
the quantity reflected by white paper). The most absolute black 
that we can produce is that of an aperture made in the side of a 
closed box, blackened internally. G)mpared with this black even 
the velvety paper appears slightly grayish. 

Black does not figure on the table of Newton. If we desire 
to include it in the illustration, we must suppose the colors placed 
on a body of three dimensions, a pyramid or a cone (Lambert). 
The table of Newton would form the base of the cone, while 
the black would form its apex : on the conical surface we would 
place the colors of little intensity. Thus the brown would be 
placed between the yellow and the black, etc. 



104. Phenomena of CSontrast (Simultaneous). — Our judgment 
of colors is always influenced by the colors of surrounding ob- 
jects. This fact is well known to painters, whose color sense 
is generally highly developed, so that they often see colors that 
inexperienced persons would not perceive. But, in special cir- 
cumstances, this influence makes itself felt in a very striking 
manner. 

1° Experiment of H. Meyer. — Placing a small piece of gray 
paper on a sheet of colored paper and covering the whole with 
a sheet of tissue paper, the small piece is seen to be of the com- 
plementary color. Pfluger had letters, thus arranged, printed for 
the examination of color-blindness. 
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2° EXPESIHENT OP Ragoma SaNA. — ^Two shccts of white 
cardboard (BC and BD, fig. 153) are placed so as to fonn be- 
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\J 



tween them a ri^ an^e; 
each is a black spot, a, b, and a 
red glass BK is [daced so as to 
fonn an angle of 45 degrees 
■with the cardboard. The e3re A 
receives from BC the rays which 
have passed throu^ the red 
glass and from BD the rays re- 
flected by this glass. The for- 
mer are red, the latter white, so 
that the background BC would 
appear whitish-red. The spot a 
is seen at a' of a deep red color, 
because the eye receives at this 
place only red rays, the white 
rays which should come from 
BD being wanting. Correspond- 
ing to b the eye receives only 
white rays coming from BD, and 
nevertheless, b appears of an 
intense green by contrast. The experiment, which is very pretty, 
may be performed with other colored glasses. We always see 
o' and b in complementary colors. 
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Fig. 163. 
Experiment of Bofforut Soma. 



3° CotoRED Shadows.— Let A and B (fig. 154) be two can- 
dles, of which A may be the brighter; in front of A we [Hace 
a red glass ; a and b are the shadows which the stick c forms on 
a white screen. The screen illuminated by the white light from 
B and the red light from A, should appear whitish-red, but the 
red is scarcely perceptible; b, which is illuminated only by the 
red light from A, appears red, and a, which should appear white, 
appears green, by contrast. We can also make the experiment 
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with daylight and that of a candle, in which case there is no 

need of the colored glass, since the colors ^ ^ 

of the two lights already differ. We be- \ / 

gin by illuminating the screen with day- \ / 

light; we see the screen white and the A* 

shadow black (gray). On lighting the / 

candle the screen still appears white, al- / 

though it would seem that it ought to / 

appear yellow, since it is partly illumi- qB 

nated by the yellow light of the candle ; 

the shadow, which just now appeared . Pig. 154. 

, . i« « .1 •«« • Elzperinifliit with eoloTod 

gray, has become yellow by the lUumma- ^ ahadcws 

tion of the candle, and the other shadow, 

which receives the daylight, appears blue "by contrast." 

4° Experiment of Dove. — ^Analogous phenomena with colored 
shadows are observed when we place a colored glass opposite 
a mirror. We then see two images of a white object, one by 
reflection on the anterior surface of the glass, the other by 
reflection on the mirror; this latter has the color of the glass, 
since the rays have passed through the glass twice. The first, 
which ought to be white, shows by contrast the complementary 
color. With a black object on a white ground, the sash of a 
window for example, we have the phenomena reversed. 

We observe that the expression "by contrast" scarcely explains 
these singular phenomena. In most of these cases it seems 
that the ftmdamental phenomenon lies in the defectiveness of 
our judgment of white. Thomas Young already directed atten- 
tion to the fact that a sheet of white paper appears white to 
us, as well when illuminated by the yellow light of a candle as 
by the red light of a coal fire. We may say that we consider 
always as white the bodies which return the greatest quantity 
of light, whatever may be the light used (Javal). This is pri- 
marily independent of the illumination, and this is why a sheet 
of white paper appears to us white with different illuminations. 
But the recollection of the illumination by daylight plays, never- 
theless, a part, so that, if the real color differs much from it, 
the paper seems white with a slight colored tone: thus when 
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we look at it through a red glass^ in which case the paper re- 
turns red rays only, it appears a reddish-white. 

In the experiment with colored shadows the screen appears 
to us white when it is illuminated by daylight only, and also 
when it is illuminated by a mixture of daylight and candle light 
at the same time. But if, under these circumstances, the whitish- 
yellow light which illuminates the screen appears white to us, 
it is not strange that the white light which illuminates one of 
the shadows appears blue, that is to say, less yellow than the 
screen. We may regard, so to speak, the zero of the scale of 
our color sensations (the white) displaced, and with it the entire 
scale. 

True Simultaneous Contrast. — While the phenomena of 
which we have just spoken are due to a false judgment of the 




Fig. 155. — Disc of Masaan, 

color white, there are others which are due to a true contrast. 
By making a disc like that of figure 155, but having a greater 
number of sectors, rotate we obtain gray rings, and we observe 
that we cannot see the outer rings which are very pale; we 
see only the borders of each ring: the external border, which 
appears deeper than the rest of the ring, by contrast with the 
following ring which is paler, and the internal border which 
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appears paler than the rest, by contrast with the neighboring 
darker ring. By replacing the white and black by yellow and 
blue^ we obtain rings which present different shades of gray; 
the internal rings are bluish, the external rings yellowish. But 
each ring has an internal border which is yellow, by contrast 
with the preceding ring which is bluer, and an external border 
which is blue, by contrast with the following ring which is 
yellower. The phenomenon is very pronounced, but disappears, 
at least in a great part, if we separate the rings by very fine 
black circles. The diffuse borders favor considerably the effect 
of the contrast. 

105. After-images (Successive Contrast). — When we look at 
a small colored surface^ placed on a white ground, by fixing 
exactly the same point for a short time, we observe that the 
color diminishes gradually in brightness: the red becomes 
brown, etc. We observe at the same time that the object is 
surrounded by a narrow border of the complementary color, 
due to the fact that, in spite of himself, the observer makes 
slight changes in the direction of the look. We explain the 
phenomenon by saying that the part of the retina where the 
image is formed is fatigued for the color in question. If we 
then transfer the look to a sheet • of white paper, we see an 
image tinted with the complementary color. If the surface be 
red, the image appears bluish-green. We may suppose the white 
color as composed of two complementary colors, red and green ; 
the retina being fatigued for the red color, it is the green color 
which predominates. If the object we look at is white, the 
after-image is black; but if we look at a flame or other very 
bright object, we obtain a colored after-image, the color of 
which changes before its disappearance. 

The after-images of the complementary color are called nega- 
tive: we can also obtain positive images, each part of which has 
the same color as the original. We close the eyes and cover 
them with the hand for some minutes, so that no light can enter 
the eye. We keep in this position for some time until all prior 
impressions on the retina have disappeared. This done, we re- 
move the hand and open the eyes for an instant, without, how- 
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ever, changing the direction of the look, shut them immediately 
and cover them again. If the experiment is very successful, 
we then see a positive image of exterior objects, of a surprising 
distinctness. We can scarcely believe that we have really closed 
cur eyes; the hand seems transparent. If we continue to keep 
the eyes closed, we see the less illuminated parts of the image 
disappear, while the more illuminated parts change color, be- 
coming bluish, violet, orange, etc.; the image disappears and 
returns again, and so forth. 

A clear after-image of a chess-board, or other analogous figure, 
shows phenomena exactly like those which I shall describe later 
under the heading "Phenomenon of Troxler," It now becomes 
probable that the disappearance and reappearance of the after- 
images are due to the same causes, likewise unknown, as this 
phenomenon. The after-images, of which I have just spoken, 
last for a relatively long time, but there are others which last 
so short a time that they escape observation in the ordinary 
distances of life. The simplest way of making them appear 
consists in moving the object which is intended to produce them. 
The secondary image then seems to follow the object because 
it is former at the place where the object was a moment before, 
and because it lasts only an instant. Ordinary after-images 
form, in these circumstances, a long luminous series. The most 
striking of these phenomena was described by Purkinje and later, 
under the name of "recurrent vision," by Davis, The experi- 
ment is very easy to perform: we light a match in darkness, 
blow out the flame and move the burning wood around. We 
shall then see the blue after-image, feebly luminous but bright 
nevertheless, follow the match at some distance, reproducing its 
form exactly. There are two conditions necessary to the suc- 
cess of the experiment : one is that we do not follow the match 
with the look, for the phenomenon is visible only in indirect 
vision; the other is that we use the proper speed, neither too 
fast nor toi^ slow. With a certain rate of speed the image 
(calletl "jjhost** by Kn>i^^^h writers^ seems double. According 
to Biiixirll the iiUerval l>etween the nwtch and the after-image 
corresiM>nds to alnnx^t otw^fifth of a second. This author sees 
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:he space between the match and the remainder of the field 
blacker, an observation which was confirmed by Agabobon, who 
repeated the experiment at the Sorbonne, but I have not been 
able to verify it. 

Qy making a black disc with a white sector rotate in full 
sunlight Charpentier observed a black sector which formed in 
the white sector not far from its anterior border, and which 
was sometimes followed by several others less pronounced. At 
times the interval between the anterior border of the white 
sector and that of the black sector corresponded to about JL of 

60 

a second. The observation indicates that when we allow an 
illtmiination to act for a very short period on the retina the 
latter becomes insensible to it after a sixtieth of a second to 
reacquire its sensibility after the lapse of the same period ; some- 
times the phenomenon is repeated several times (retinal oscilla- 
tions). The phenomenon must not be confounded with "recur- 
rent vision" for which the interval is much longer. 

106. Phenomena Dependent on the Variation of the Brightnen 
of the Colors. — The brightnesses of two sources of light of the 
same color are compared as easily as if there was a question 
of white light, and we find almost the same value for the frac- 
tion of Fechner. If we attempt to compare lights of different 
color the eye manifests, on the contrary, a very great uncertainty, 
and besides we encounter a difficulty caused by what is called 
the phenomenon of Purkinje. Suppose that we have two sources 
of white light, which we have found of equal brightness. If 
then we diminish the intensity of both one-half we shall find 
them again equal. But if we equalize two sources, one of which 
is blue and the other red, and that then we diminish their bright- 
ness one-half, the blue light will appear much brighter than the 
red light. — Let us select two papers, one red and one blue, 
which by daylight illumination appear to have the same bright- 
ness; by diminishing the illumination the blue paper will ap- 
pear brighter than the red paper. With a very feeble illumina- 
tion the red paper will appear black, the blue paper a pale 
gray. In order that the experiment may succeed well the papers 



294 PHT810L001C OPTICS 

must be seen under an angle which is not tcx) small, for the 
phenomenon is but slightly pronounced for the macula. In ac- 
cordance with these observations Mace de Lipinay and Nicati 
have shown that the visual acuity falls much more quiddy on 
diminishing the illumination when we use red light than when 
we use blue light : we select a red glass and a blue glass so that 
we may have, by daylight illumination, the same acuity on look- 
ing at the chart through either. If then we close the shutters 
almost completely so as to greatly diminish the illumination, 
we observe that the blue glass enables us to still read half of 
the chart, while with the red glass we cannot, at the first mo- 
ment^ distinguish even the chart; after a little while we can 
read the large letters, but the acuity for the red always remains 
lower than the acuity for the blue which is stationary. Kcmig 
and Brodhun also have shown that the increase of the fraction 
of Fechner, at the lower limit, begins sooner for the red than 
for the blue. 

The following experiment shows in a very striking manner 
the difference which exists in this regard between the two ex- 
tremities of the spectrum. We project the spectrum on a screen 
A, pierced by two apertures, allowing the red rays and the 
blue and violet rays to pass. Behind the screen A we place a 
lens which reunites these rays on a second screen B, forming 
on it an image of the surface of the prism which is turned 
towards A. This image then shows a pretty, purple color. In 
front of the screen B we place a stick which forms thereon 
two shadows, one red, the other blue, and it is easy to so regu- 
late the apertures of the screen A that both shadows may have 
the same brightness. If we now diminish the width of the slit 
through which light reaches the prism the purple is diluted 
more and more with white. The blue shadow becomes grayish, 
and brighter and brighter compared with the background, while 
the red shadow retains its color, but becomes darker and darker. 
Finally it is nearly black and alone visible, the other shadow 
being gray and having nearly the same brightness as the back- 
ground. 
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In the spectrum it is the yellow and grttn rays which have 
most brightness. The brightness diminishes towards the two 
extremities of the spectrum, but more towards the blue ex- 
tremity than towards the red extremity. We must note, how- 
ever, that if the blue and violet colors seem relatively feeble in 
the prismatic spectrum, this is partly due to the fact that these 
colors are spread over a much greater space than the others. 
In the spectrum of diffraction the intensity is greatest in the 
middle of the spectrum, and diminishes almost alike towards 
the two extremities. 

If we lessen the intensity of the luminous source the colors 
of the spectrum change hue. We first see the yellow and blue 
colors disappear; there remain only the red, green and violet, 
which take the place of the colors which have disappeared. On 
still further diminishing the brightness, the blue changes into a 
blue-gray, the green into a green-gray, the red becomes brown- 
ish and finally all the colors disappear, and we see only gray. 
The red alone forms an exception; it does not seem to change 
into gray before disappearing. 

There exists a very pretty method of showing the change of 
appearance of the spectrum by the diminution of the bright- 
ness. It consists in gluing a board of velvety black paper on a 
white screen so that by projecting on it a horizontal spectrum 
the upper half is formed on the black paper and the lower half 
on the white screen. This latter half shows the spectrum as 
it ordinarily appears, while the upper half has the form of a 
gray band, with the exception of the. part corresponding to the 
red which appears brown. 

The colors disappear, therefore, when the brightness of the 
rays becomes very feeble. Also when the brightness becomes 
very strong the impression approaches white. The sun, seen 
through' a red glass, appears a whitish-yellow, although the glass 
allows only red rays to pass. Concentrating the light of the sun 
on a sheet of white paper with a lens, after having made it pass 
through a blue glass, the image of the sun appears white. When 
we look at the sun through a prism the spectrum presents itself 
as a colorless strip of a dazzling brightness. Here also it is the 
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red which best maintains its color; in most cases it ai^ars a 
whitish-yellow. 

According to Parinaud, these phenomena depend on the adap- 
tation of the eye. The spectrum of feeble brightness, which 
appears gray to the adapted eye, is invisible to the eye not 
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Fig. 156.— After Parinaud. 



adapted^ and when, the intensity increasing, it becomes visible 
to the non-adapted eye it in turn appears colored. Parinaud 
determined the threshold for different rays of the spectrum, and 
found the curves represented by figure 156. The upper curve 
is that of the adapted eye, the lower curve that of the eye not 
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adapted. The different parts of the spectrum are indicated by 
the vertical lines, prolongations of the lines of Fraunhofer in 
the diagram of the spectrum which is above the figure. The 
numbers on the left indicate the quantities of light necessary 
in order that these different parts of the spectrum may be per- 
ceived. Thus the adapted eye requires a quantity of light equal 
to I (this quantity being taken as the unit) in order to perceive 
the green rays near E, while the non-adapted eye requires a 
quantity equal to lOO in order to perceive the same rays, and 
a quantity equal to 1500 to perceive the blue rays near G. We 
see that the eye, by adaptation^ gains nothing for the percep- 
tion of red rays, whilst it gains enormously for the more re- 
frangible rays. But it gains only in Itmiinous sensibility: except 
the part be, which is common to the two curves, the whole upper 
curve corresponds to colorless sensations only. According to 
Parinaud, the fovea gains nothing by adaptation; the rays also 
appear colored as soon as, with increasing brightness, they 
become visible to the fovea. 

The results of Parinaud have been disputed by Charpeniier, 
and they no longer harmonize well with the experiments men- 
tioned on page 294. According to Charpeniier, it is wrong to 
attribute the colorless sensation which the rays of very feeble 
brightness call forth to the adaptation of the eye, and, on the 
other hand^ it is certain that if, from full daylight, we enter a 
relatively dark space, we cannot distinguish right away colors 
which we observe very well later. 

Nevertheless, adaptation plays a considerable part in relation 
to these phenomena as the following observation of Charpentier 
shows. He covered the plate B of his photoptometer (see page 
275) with a black paper, pierced with seven small openings 
grouped in a space of nine millimeters square. The plate A 
was illuminated by spectral light of different colors. On open- 
ing gradually the diaphragm of the instrument^ he proved that 
the first impression which is obtained is that of a diffuse lu- 
minous spot, without color; let us designate the aperture of the 
diaphragm for the moment by a. To distinguish the color it 
was necessary to give the diaphragm a larger aperture b, and 
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it is only by making the aperture still greater c that we come 
to distinguish the points. For the eye, adapted to darkness, the 
apertures b and c remain almost the same as for the non-adapted 
eye, while the aperture a diminishes enormously especially for 
the more refrangible colors. 

It is not strange that there exist differences of opinion on 
these questions, for there is very little certainty in the deter- 
mination of the lower limits of the sensations. It must also be 
noted that the expressions "adapted" and "non-adapted" ai>- 
plied to the eye are vague. If every one is in accord in con- 
sidering an eye adapted when it remains for half an hour in 
darkness, or non-adapted when it remains as long in full day- 
light, the authors do not agree so well in designating the state 
of the eye when exposed to an intermediary illumination, sudi 
as that of the interior of our houses. 

107. Kethods of Kixing Colon. — The fundamental examina- 
tion of the color sense is made by means of what is called 
equations of colors: we mix two or three colors in different 
proportions until the observer declares the mixture similar to 
a fourth given color, most frequently white. We then examine 
whether an eye, of which the color sense is normal, recognizes 
the equation, that is to say, whether the mixture appears likewise 
similar to white for this eye. — We can mix the two colors in 
different ways. 

i*^ Mixtures of Spectral Colors. We form two spectra by 
means of two prisms, and by allowing these spectra to slide 
over one another we can mix any two hues from them. Helm- 
holte accomplished the same end with a single prism, by using 
a slit in the form of V ; each of the branches formed an oblique 
spectrum, and the two spectra would overlap to a great extent 
so that we could obtain all possible mixtures. 

The apparatus of Max*well was very ingenious. It consisted 
of a box, a section of which is shown in figure 157. At E is 
a narrow slit through which passes light, which is reflected by 
the mirror e towards the prisms P and P^, through which it 
passes to meet the concave mirror S. This mirror reflects the 
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light which passes again through the prisms to go to form a 
spectrum on the far end of the box, AB. At this place are 
three movable slits x, y and e, which permit spectral light of 
any hue to leave the box through each of the slits by displacing 
them. — Suppose x corresponds with the red, y with the green 
and s with the violet. It must be noted, in consequence of the 
reversibility of optic processes, that if we illuminate the slit x 
from the outside by red light, this light will reach an eye placed 
at £; but if we illuminate the same slit with green light, this 




Pig. 157.— "Color box" of Maxwell. 

light will not reach an eye at E, but will be projected to one 
side of E. In order that the green light reach E, it must pass 
through the slit y. Consequently the three slits x, y and £ by a 
white luminous source, an eye placed at E sees the surface of 
the prism P colored by the mixture of the three colors, which 
a flame placed at E would project on the slits x, y and 2. — ^At 
the far end of the box is yet another aperture c through which 
enters white light, which, after having been reflected by the 
mirror M and concentrated by the lens L, meets a plate of 
ground glass blackened on the back Mj. The eye placed at E 
sees this plate at the side of the prism, and can thus compare 
the brightness and color of the mixture with that of the white 
light, admitted through c. By properly placing and opening the 
slits^ we can thus obtain a mixture which is not distinguishable 
from the white light reflected by Mj, either as to color or bright- 
ness. 



The latest researches on the mixtures of colors (Kamig and 
his pupils) have been made with a large spectral instrument. 
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which was constructed for the laboratory of Berlin, and a 
description of which is found in the second edition of Helm- 
holtz's work on Physiologic Optics (page 355 ). 

2° Maxwell also studied the mixtures of colors by placing, 
on the disc of Masson, sectors of different colors (see page 313). 

3° We can mix colors by means of a plate of glass ab (fig. 
158), which is held so that it may reflect rays of one color at 
the same time that it allows rays of another color to pass (Lam- 
bert). 




Yellow Blue 

Fig. 158. — Mixture of colors by means of a glass plate. 

4° Looking at two colors placed side by side through a double 
refracting prism, we see them separated by a strip the colora- 
tion of which is that of the mixture. 

5° Placing two glasses of different colors before the two 
openings in the experiment of Scheiner and looking at the sky, 
we see the common part of the circles of diffusion in the color 
of the mixture. 

6° Painters frequently use mixtures of coloring matter, but 
the results which are thus obtained are frequently not in accord 
with those which are obtained by the other methods. The best 
known example is the mixture of yellow and blue. Painters 
thus obtain green, while with a revolving disc we obtain a gray- 
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white (Lambert). Helmholts gave the following explanation of 
this difference: mixing the colors of yellow and blue pigment 
the superficial molecules send back yellow light and blue light. 
Together these rays produce the impression of white, as on the 
revolving disc. The blue molecules situated deeper also send 
back blue light, but it must be noted that this blue light, as also 
that of the superficial molecules, is not pure : by the spectroscope 
we find that it contains green, blue and violet rays. The yellow 
molecules send back red, yellow and green rays. Generally the 
molecules allow to pass rays of the same color as those which 
they send back. Among the rays reflected by the deep yellow 
molecules, only green rays, therefore, can pass through the 
superficial blue molecules, and, among those reflected by the 
deep blue molecules, likewise only the green rays can pass 
through the superficial yellow molecules. The result, therefore, 
becomes a green color, mixed with the white reflected by thf 
surface. 

108. Results of the Hiztures of Colors. — Newton devised his 
table to give a graphic illustration of the results which are ob- 
tained by mixing colors. The principle of this table is that all 
the colors we can produce by mixing two given colors are placed 
on the straight line which joins these two colors, and so much 
nearer to that one of the two colors which enters most into 
the mixture. The quantity of the color of the mixture is ex- 
pressed by the sum of the quantities of the component colors. 
Suppose, for example, that we want the result of the mixture 
of three parts of green with one part of red and two parts of 
blue. We begin by joining the green and red by a straight 
line which is divided into two by the point p (fig. 159), so that 
the distance of p from the green may be a third of its distance 
from the red; p is then the place of the mixture of the green 
and red, the mixture being represented by the number 4, the 
sum of the two component colors. We then join the point p 
with the blue by a second straight line which is divided into 
two by the point q, so that the distance pq is to the distance of 
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q from the blue, in the proportion of 2 to 4; 9 is the place of 
the mixture of the three colors, and the quantity of this mix- 
ture is expressed by the number 6. Drawing the line oq and 
prolongating it until it cuts the spectral curve, we see that the 
color of the mixture is a bluish-green strongly diluted with 
white. 

There enters into this illustration of Newton an expression 
which is not defined, that of the quantity of the colors. While 
it is easy to tell what must be expected from equal quantities 
of the same color, it is not easy to define the expression of equal 
quantities of two diflferent colors, the result of which is that 
the form of the curve becomes, up to a certain point, arbitrary. 
With Newton, we must consider as equal the quantities of two 
complementary colors, which, when mixed, give white, since 
the white^ on his table, is situated at an equal distance from 
both. If we take two other complementary colors, we must 
also consider as equal the quantities of these colors which, mixed, 
give white, but on condition that this white be of the same 
brightness as the former. As we shall see. Maxwell and Helm- 
holts used other definitions. 

The table of Newton shows that, with the exception of purple, 
we cannot produce new colors by mixing spectral colors, for we 
can always, after having found the position of the mixture, 
draw a straight line passing through the center and this point. 
Prolonged, this straight line will meet a spectral color, and the 
mixture is equal to this color diluted with white. 

The table of Nezvton indicates also another peculiarity of the 
normal color sense, namely the fact that we can reproduce all 
existing hues by mixing, two by two, three colors properly chosen. 
Let us select, for example, red, green and blue, and draw on 
ihe table (fig. 159) straight lines which join these colors. If, 
then, we select any spectral color, we can always join it to the 
center of the table by a straight line; this straight line must 
necessarily cut one of the sides of the red-green-blue triangle 
and at the place of intersection is found the mixture which is 
similar, in hue, to the spectral color. On account of this pe- 
culiarity the normal eye is called trichromatic. Observe particu- 
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larly that I have said that the two colors are alike as to hue. 
Generally they are not alike as to purity, the color of the 
mixture being diluted with white. The table of Newton also 
requires that the spectral color must always have greater purity, 
for, if we could, by mixing two spectral colors, reproduce a 
third color exactly, these three colors should be placed on a 
straight line, and the spectral curve could not be circular. But 
this last condition of the table is not fulfilled. 

Greco 



Vellowith-Grccn 



Tdlow 



Opa&l^ 




VioUt 

Purple 
Fig. 159. — Table of eolon after Newton. 

The accuracy of the illustration of Newton has, indeed, been 
verified by the admirable works of Maxwell, This author found 
that Newton's table gives a very exact illustration of the results 
of the mixtures of colors, but that the spectral colors cannot 
be arranged in a circle, because there are quite extended parts 
on the spectrum, the colors of which can be reproduced exactly," 
or nearly exactly, by the mixture of two given colors, and which, 
consequently, must be placed on straight lines. 

Figure i6o shows the spectral curve of Maxwell. While the 
curve of Newton must be considered merely as a conception of 
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the mind, Maxwell determined his experimentally with the in- 
strument described in the preceding chapter (fig. i6i). To use 
it he placed it in such a position that the slits x, y g and c were 
turned towards a sheet of white paper illuminated by the sun. 
As a starting point he selected the three following colors 

(^standard colors) : 

Bed (B) Green (G) Blue (Bl) 



Wave length: 



0.630 



0.528 n 



0.457 




VIokt 



Fig. 160. — Color table of Mascwell. 



He placed the slits x, y and £ so as to give access to these 
colors, and, by regulating the width of the slits, he produced a 
mixture which differed neither in tint nor brightness from white 
introduced through the slit c. 
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By measuring the slits he found for x a width of 2.36 mm., 
for y 3.99 mm. and for z 3.87 mm., and by designating the white. 




Fig. 161.— ''Color box" of MaaDweU. 

which remained constant through all the experiments, by W, 
he had thus the equation 

2.36 B 4. 3.99 a 4. 3.87 Bl = W 

He then displaced the slit x so as to give access to orange 
light ; by regulating the slits he again produced a mixture similar 
to white which gave him the equation. 

2.04 Or + 3.25 a + 3.88 Bl = W 

As white was the same in both cases, we can combine the two 
equations, which gives 



or 
or 



2.04 Or + 3.25 G + 3.88 Bl = 2.36 B + 3.99 Or + 3.87 Bl 
2.04 Or = 2.36 B 4. 0.74 O — 0.01 Bl 
1 Or = 1.155 B + 0.362 O — 0.006 Bl 



He then repeated the measurement for the other colors, by 
always combining two of the standard colors with the color in 
question to produce white. He thus succeeded in expressing 
all the colors of the spectrum by three colors. The following 
table shows the results of these measurements (see next page). 

By dividing each equation by the coefBcient on the left, we 
obtain the expression corresponding to the width of the slit of 
I millimeter. 
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Under this form the result is found expressed on figure 162. 
The three curves, designated by R, G, B, correspond to the three 
standard colors; the numbers underneath are the wave lengths 



OOLOE 



Bed I 

Orange. . . . | 

Yellow. . . . 



5.63 



2.36 



Green, 



Blue. 



{ 
{ 
{ 



2.04 

2.79 

3.20 

3.30 



Indigo.... J 
Violet I 



4.10 
5.59 
8.09 



5 

^ 



5 



(663) = 2.36 + 0.05 + 0.36 



(630) = 2.36 + 0.00 + 0.00 



(606) 
(583) 
(562) 
(544) 



= 2.36 + 0.74 — 0.01 

— 0.01 

— 0.10 

— 0.03 



2.36 + 2.45 
1.55 + 3.99 
0.42 + 3.99 



3.99 (528) = 0.00 + 3.99 + 0.00 

5.26 (513) = . 

7.87 (500) = - 

7.83 (488) = - 

5.14 (477) = - 

4.28 (467) = - 



0.33 + 3.99 

0.43 4. 3.99 

0.39 + 2.67 

0.24 + 0.98 

0.14 + 0.14 



+ 0.44 
+ 2.22 
+ 3.87 
+ 3.87 
+ 3.87 



3.87 (457) = 0.00 + 0.00 + 3.87 



(449) 
(441) 
(434) 



0.08 + 0.03 
0.14 + 0.09 
0.04 — 0.23 



+ 3.87 » 
+ 3.87 
+ 3.87 



g 

02 



2.77 

2.36 

3.09 
4.80 
5.43 
4.38 

3.99 

4.10 
5.77 
6.15 
4.61 
3.87 

3.87 

3.98 
4.10 
3.68 



2.032 

1 

0.662 
0.582 
0.589 
0.754 

1 

1.282 
1.363 
1.276 

1.116 
1.105 

1 

1.032 
1.362 
2.197 



a 




Tig. 162.^Color-eiunre8 of Ma»w$lL 
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of the different colors of the spectrum, and the position of the 
three points in which the curves cut the vertical line correspond- 
ing to each of the colors, indicates the quantities of the three 
standard colors needed to produce the mixture. 

The n^^tive sign of the blue, in the equation of the orange, 
is found again for the greater number of the colors added to 
one or other of the standard colors. Its significance is easy to 
grasp. In fact, if we write the equation of the orange thus : 

2.04 Or + 0.01 Bl = 2.36 B + 0.74 G 

it indicates that we cannot, with the three standard colors, pro- 
duce a mixture exactly like orange, but must, on the contrary^ 
add a little blue to the orange so that it may be like the mixture 
of red and green. 

It should be noted that, up to the present, I have simply ex- 
pressed the quantity of a color by the width in millimeters of 
the slit. giving access to this color. To construct the table of 
colors we do the same for the three standard colors; but for 
other colors we will be obliged to select the units in another 
manner. I have said, indeed, that with Newton the quantity 
of a mixture is considered as equal to the sum of the quantities 
of the component colors. The sum of the three component 
colors of the orange was 

2.36 + 0.74 — 0.01 z= 3.09 

while the width of the slit was 2.04 mm. According to Newton, 
the quantity of orange passing through the slit of 2.04 mm. is, 
therefore, 3.09, that is to say, the unit of the orange corresponds 
to a width of the slit of Mi =0.662 mm. 

8.09 

If we wish to use the table to solve questions of mixtures 
of colors we must, therefore, multiply the quantities found by 
the table by the figures indicating the units, in order to obtain 
a result expressed by the width of the slit in millimeters. The 
units are in the last column of the table. They are obtained by 
dividing the coefficients on the left by the figures in the column 
before the last, which indicate the sum of the component colors. 



306 



FHT8I0LOGIC OFTICS 



To coostmct the spectral curve, we bc^in bj drawing the 
dotted equilateral triai^^ of figure 163. We sapposc the tlirce 
standard colors jriaced at the three angles, an arrangement wfaidi 
was proposed by Yotmg, To find the position of the orapge, 
we begin by dividii^ the red-green side into two parts, in the 
proportion of 0.74 : 2.36. Let P be the point of division: join 




Fig. 163.— Color table of MaxwelL 

this point to the blue angle by a straight line, of which we mea- 
fiurc the length a. The color at P can be considered either as a 
mixture of 2.36 R with 0.74 G, or as a mixture of 3.09, or with 
0.01 B1. It follows that the orange must be placed on the pro- 
lonp^ation of a, beyond the point P, and by designating its dis- 
tance from P by jT we should have x=^a. This distance is, 

Saw 

for the orange, so small that it is scarcely visible on the figure. 
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the curve coinciding at this position almost with the dotted line. 
— We observe that, on account of the presence of the negative 
coefficient, the color in question must be placed outside of the 
triangle. A color which is situated in the interior of the triangle 
may be reproduced exactly by a mixture of the three standard 
colors; this is not possible for a color situated outside of the 
triangle: it is necessary, on the contrary, to mix it with one of 
the standard colors, in order that it may seem equal to the mix- 
ture of the two others. 

On the table of Maxwell the greater part of the spectrum 
(from 0.63 fi in the orange-red to 0.53 ^ in the green, and 
from 0.51 fi in the green to 0.47 ^ in the blue) is arranged on 
the two sides of a triangle of which the green, between 0.53 fi 
and 0.51 fi, forms a rounded angle, while the extremities of the 
spectrum form two other somewhat irregular angles^ We must 
imagine the third side of the triangle occupied by the purple 
colors, which are obtained by mixing red with blue. As nearly 
all the spectral colors have one of the coefficients negative, 
almost the entire curve is situated outside of the triangle of 
the standard colors, which indicates that the mixture colors have 
nearly all a little less purity than the spectral colors. The part 
situated between the red and the gfreen coincides, however, very 
nearly with the corresponding side. By selecting another 
standard color, green, we could make the part of the curve 
situated between 0.51 ^ and 0.47 fi coincide with the other side 
of the triangle, but it is easy to see that we cannot select the 
green color so as to make the two sides coincide with the curve 
at once. We cannot, therefore, select three spectral colors such 
that we can reproduce all the other spectral colors exactly by 
their mixtures; we can reproduce all the hues, but some of the 
mixture colors always continue to have less purity than the 
corresponding spectral colors, whatever may be the standard 
colors we have chosen. 

By means of the table of Maxwell we can construct the re- 
sult of mixtures of any colors. If we mix two colors placed 
on the same side of the approximately triangular curve, we ob- 
tain a mixture color which has as much purity as the spectral 
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color, while if we mix two colors situated each on a different 
side, we obtain a mixture strongly diluted with white. The 
three colors which Maxwell selected as standard colors, the red, 
green and blue, have, therefore, this peculiarity that they cannot 
be reproduced by mixing other spectral colors, the mixture being 
always strongly diluted with white. — The approximately tri- 
angular form of the curve, with the three colors, red, green and 
blue^ placed at the angles, does not depend on the choice of the 
standard colors. By means of the equations of Maxwell, we 
can^ by a simple calculation, express all the spectral colors by 
three colors other than his standard colors, for example by 
orange, blue-green and blue. The curve even then retains its 
approximately triangular form, having the red, g^reen and blue 
at the angles, but it differs considerably from the equilateral 
triangle formed by the straight lines joining the three new 
standard colors, which indicates that the mixture colors have, 
in this case, very little purity. Maxwell selected red, green and 
blue^ so that the curve would come as near the triangle in form 
as possible. 

Contrary to what has taken place in the case of these three 
colors, those which are placed on each of the two sides of the 
triangular curve, may be reproduced exactly by mixing other 
spectral colors. They are, in this regard, analogous to the purple 
colors which are obtained by mixing the red and spectral blue, 
and which appear to the eye as pure as the pure spectral colors. 

The most interesting phenomenon among the great number 
of facts which are expressed by the table of Maxwell, is cer- 
tainly this, that we can produce a perfect sensation of yellow by 
mixing red and green. The fact was already known to Young, 
and formed the principal basis of his theory of colors, which I 
shall mention later on. Lord Raleigh had constructed a special 
instrument for determining the quantities of spectral red and 
spectral green necessary to produce a complete equality with 
spectral yellow. In his numerous examinations he could always 
obtain a perfect equality, but in the matter of the quantities 
required of the component colors, he found quite unexpected 
individual differences (see page 3^5) • We can also mix the 
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light of the lithium and thallium flames so as to obtain a light 
which cannot be distinguished from that of the sodium flame. 
Another method, also pointed out by Lord Raleigh, consists in 
looking through a liquid which allows only red and green rays 
to pass (a mixture of bichromate of potash and blue aniline 
dissolved in water). By observing through this liquid an object 
of a bright white, a cloud illuminated by the sun for example, 
it appears of a pure yellow, although all the yellow rays are 
completely absorbed. — ^The liquid is, besides, very sensitive to 
tints of white light; the light of the blue sky, which contains 
too little red, appears greenish, while the light of an arc lamp 
appears reddish. 

The yellow occupies a special position among the colors. An 
observer completely ignorant of the results of the mixtures, as well 
as those of the physicists who obtain yellow by mixing spectral 
red and green, as those of the painters who, with their pigments, 
obtain gfreen by mixing yellow with blue, would probably be 
temped to class the yellow among the three standard colors of 
Maxwell, so as to reckon four principal colors in the spectnun: 
red, yellow, green and blue. Ais we have seen, the yellow is dis- 
tinguished from the three others in that it can be reproduced 
by a mixture of other colors. In this respect it is analogous 
to the colors which are placed on the other sides of the triangle, 
the purple and the blue-green, and it is distinguished from the 
latter in this that the eye may not perceive any trace of red 
or green in the ydlow, while no one would hesitate to declare 
that he saw blue and red in the purple, or green and blue in 
the blue-green. The yellow, in this regard, resembles white in 
which the eye no longer distinguishes any trace of the compo- 
nent colors. The yellow is also that one of the spectral colors, 
which, to the eye, seems to offer most resemblance to white. — 
Another peculiarity of the yellow, on which Herschel laid stress, 
is the considerable change which this color undergoes when its 
brightness diminishes. A dark blue still seems blue, while a 
dark yellow appears brown, a color which the observer not 
prejudiced would consider rather as a special color. 
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We can obtain the impression of white in many different ways. 
The celebrated experiment by which Newton combined by means 
of a lens all the colored rays of the spectrum in a white image 
shows, in the first place, that all the colors of the spectrum, 
when mixed, give white. The equations of MctxweU furnish a 
long series of examples of the possibility of forming white by 
mixing three colors. Lastly the table indicates a great number 
of pairs of complementary colors, that is to say, colors which, 
mixed two by two in the proper proportions, give white. To 
find the color complementary to a given color, we have only to 
prolong the line which joins it to the white, until it meets the 
curve again. The point of intersection is the place of the com- 
plementary color, and the quantities to take of both colors are 
inversely proportional to their distances from the white. We 
must recollect, however, that if we wish to express the quantity 
by the width of the slit in millimeters, we must reduce the 
numbers, as already pointed out. 

A glance at the table shows that the green colors (greenisb) 
from 57 to 49.5 have no complementary colors in the spectrum. 
Their complementaries are the purple colors. The complement 
taries of the red extremity, up to 61, are situated very near 
one another (from 49.5 to 49.2), those of the blue extremity 
are condensed near 57. The hue varies, therefore, very slowly 
towards the extremities of the spectrum, while the variation 
reaches its greatest rapidity in the blue-green, where the di- 
visions are separated by very marked intervals. 

Maxwell did not determine the extreme parts of the spectrum ; 
one might think, therefore, that the curve ought to be really 
more extended; but, according to the researches of Kcmig and 
Dieterici, this is not the case. These authors made a long series 
of very minute researches, like those of Maxwell, with their 
large spectral instrument. Their results seemed to agree well 
with those of the latter author; however, they could not verify 
the bend which the curve of Maxwell makes in the red. Ac- 
cording to these authors, the hue does not vary in the spectrum 
beyond 67 and 43, so that the divisions beyond these limits 
must on the table coincide with these limits. Maxwell, indeed. 
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himself calls the form of the extremities of the curve somewhat 
dotibtful. 

If we compare the complementary quantities of red and blue- 
green, we notice that the red appears darker than the green. 
To illustrate facts of this kind on the table, Helmholtz supposed 
as equal quantities of two different colors quantities appearing 
to have the same brilliancy. He thus obtained the spectral curve 
illustrated in figure 164. The small circle indicates the position 
of the white. Since the red complementary to the blue-green 




violet- p^^j^ 

Fig. 164«— Ook>r table of EelmO^XiB. 

appears darker than the latter, we consider its quantity as 
smaller and place it consequently farther from the white. In- 
deed, such a comparison of the brightness of two different colors 
is not easy, as Helmholtz himself remarked, and the result de- 
pends besides on the phencxnenon of Purkinje. If, for example, 
a certain quantity A of yellow light appears to have the same 
brightness as the quantity B of blue light, we find that the 
quantity -^ of yellow light will appear darker than the quantity 
JL of blue light. The form of the curve would vary, therefore, 
according to the brightness used. 

Maxwell showed how, without the help of a spectral instru- 
ment, we can make determinations analogous to his own by 
means of the revolving disc of Masson. It is necessary to have 
paper discs (colored, whites and blacks) of two different sizes, 
so as to be able to make two mixtures at once, by covering the 
central part of the large disc with the small ones. 

We cut the discs along a radius, in order to be able to com- 
bine them so as to obtain colored sectors of any angle We 
select three standard colors, the red, green and blue, and we 
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comUne three large discs so as to have a sector of each color. 
In the middle we place two small discs combined so as to have 
a black and a white sectm". Making the whole rotate, we obtain 
in the middle a grzy drde, surrounded with a rii^ tinted widi 
the mixture of three standard colors. By r^;ulating the angles 
of the sectors we make the two tints alike, and write the equa- 
tion as thus: 

105 B + 122 O + 73 Bl = 100 W + 260 B (^Ankett) 

W denotes the white, B the black, and the numbers indicate 
the angles of the sectors. Neglecting the little light reflected 
by the Uack, we may write : 

165 B + 122 O + 73 Bl = 100 W 

To express any other color, the yellow for example, by the 
standard colors we replace the red sector by a sector of this 
color. R^;ulating the size of the sectors, we find for example : 

146 Y + 17 G + 197 Bl = 159 W + 201 B 

or, by dividing by 1.59, 

92 Y + 11 G + 124 Bl = 100 W 

We then combine this equation with that of the standard 
colors, which gives 

92 Y + 11 G + 124 Bl = 165 B + 122 G + 73 Bl 

or 

1 Y=1.97 B+1.21 G— 0.55 Bl 

With these equations we can construct graphic illustrations 
of the same kind as figures 160 and 162, and, by always working 
with the same kind of papers, we may thus study and compare 
the color sense of different eyes ; but the spectral method always 
remains superior. 
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109. Abnoimal TriehromBiuu — If we examine a certain num- 
ber of persons by the method of Maxwell, on constructing the 
color table of each person, we often find small differences: a 
mixture which one observer declares like white, seems to an- 
other colored. It is probable that these differences are due, 
at least in part, to the fact that a portion of the rays is absorbed 
by the media of the eye, and that this absorption is more pro- 
nounced in some persons than in others. Thus the yellowish 
color of the crystalline lens of old persons indicates that it must 
absorb a part of the blue rays. A mixture of yellow and blue, 
which, to a normal person, appears equal to the white, must 
appear yellowish to the old person, whose crystalline lens absorbs 
relatively more of the light of the mixture than of the white 
light. After extraction of a cataract, the patient often, at the 
first moment, affects to see all blue, almost as everything appears 
tinted with the complementary odor when we have looked for 
a little while through a colored glass and then remove it suddenly. 
Maxwell attributed some of the phenomena in question to the 
absorption of the green-blue rays by the yellow pigment of the 
macula. Looking at a bright line through a prism, he observed 
a dark spot corresponding to the fovea, which moved up and 
down with the look, as long as the latter remained in the blue 
part of the spectrum, but which disappeared as soon as the look 
left the blue. He recommended also, in order to observe the 
phenomenon, fixing a yellow paper for a little while, and then 
transferring the look to a blue paper. The spot then appears 
for some moments. Taking two equal whites, one made of 
ordinary white light and the other of a mixture composed in 
great part of green-blue rays, the latter, seen in indirect vision, 
seemed greenish and more luminous than the former. 

We have seen (page 238) that the existence of the yellow 
pigment of the macula may appear doubtful, but the fact that 
the macula is less sensitive to blue than the remainder of the 
retina is unquestionable. I do not see the scotoma in the blue 
part of the spectrum, but another observation which I have 
made is equally convincing. There exist in commerce trans- 
parent sheets of colored gelatine which may often with advantage 
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replace the colored glasses in many experiments. I have such 
a sheet, tinted probably with an aniline color, which allows the 
red and blue rays to pass. When, looking at the sky, I put 
this sheet before my eye, I see at the point fixed a somewhat 
diffuse red spot, almost the size of the moon or a little larger. 
After an instant it disappears ; if then I remove the sheet with- 
out changing the direction of the look, I see the after-image of 
the spot, very slightly greenish and clearer than the surround- 
ing parts. — ^The color table of Maxwell himself differs some- 
what from that of Mrs. Maxwell, illustrated in figure i6o, dif- 
ferences which could very well be due to the fact that inferiority 
of the macula for the blue was more pronounced in him than 
in her. 

N^lecting these slight differences, an equation of color which 
is true for a normal eye, renuiins true for all eyes as well for 
normal eyes as for dichromatic eyes. 

This latter assertion was considered entirely general, until 
Lord Rayleigh, in 1880, discovered a class of eyes for which it 
is not true. After having produced a mixture of spectral red 
and spectral green which appeared to him identical with spectral 
yellow, he asked a certain number of people to compare the 
two hues. Most of them found the hues identical, but some, 
amongst whom were his three brothers-in-law, declared that they 
saw scarcely any resemblance; the pure color appeared yellow 
to them, while the compound color seemed to them nearly as 
red as sealing wax. To see the hues alike, these persons had 
to add so much green to the mixture that it appeared nearly 
pure green to a normal eye. The mixture of Lord Rayleigh 
was 3.13 R+i.oo G; that of his brother-in-law 1.5 R+i.o 
G. (I) 

The persons in question presented no other anomalies of the 
chromatic system; they were by no means dichromatics (dalton- 
ists). Later researches (Danders, Komig and Dieterici) con- 
firmed the opinion of Lord Rayleigh that these people formed a 



(1) The numben are not comparable with thoee of MtuDweU, Lord Rayleiffh 
having probably used colore different from the ttandard colon. Otherwise Max- 
well and Ifrt. Maxwell would both have belonged to the category of abnormal 
trlchromasla, which Is not at all probable. 
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group by themselves: no intermediary forms have been found 
between their anomaly, which Kcmig called abnormal trichro- 
tnasia, and the normal chromatic system. The anomaly seems 
almost as frequent as dichromatism ; Kamig and Dieterid found 
three cases of it among seventy persons examined, but no case 
is known in which the anomaly was discovered by the person 
himself who was affected. 

110. Color-Blindness or Diehromaiia (Daltonism). — The most 
prevalent form of dyschromatopsia is called daltonism after the 
celebrated English chemist, Dalton, who was affected with it, 
and who gave the first fairly exact description of it. It is cal- 
culated that about 4 per cent, of men are affected with this 
anomaly; it is much rarer in women, especially in its complete 
form. 

For the daltonists, there is in the spectrum a place^ in the 
green-blue, the color of which resembles white (gray). We 
call this place the neutral point. Instead of the great variation 
which the normal eye perceives in the spectrum, the daltonists 
see only two colors : one which they most frequently call yellow, 
and which fills the entire part situated between the neutral point 
and the red extremity, and the other which they call blue, and 
which extends from the neutral point to the violet extremity. 
In no part belonging to either of the colors does the hue change ; 
there are differences of purity and brightness only. The color 
called yellow seems to them pure in the red, orange, yellow and 
green, until about 0.54^ or 0.53^ near the line E. In all this 
part there are differences of brightness only; we can make one 
of these colors like any other color by changing the brightness. 
The red and orange of the spectrum are often so feeble that 
they are not perceived unless the spectrum is very clear. Start- 
ing from the line E, the color becomes more and more grayish, 
and at the neutral point in the neighborhood of 0.50^ (see fig. 
165) the color is like gray. The brightness diminishes at the 
same time; generally, the daltonists tell you that the parts 
situated near the neutral point are darker than those situated 
at some distance away from it. It is possible that this diminu- 
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tion of brightness is due to the fact that the neutral point is 
situated in the green-blue part of the spectrum, the rays of 
which are most affected by the influence of absorption in the 
yellow pigment of the macula, a phenomenon which often seems 
very pronounced in the dichromatics. Starting from the neutral 
point the other color called blue begins to make itself felt : gain- 
ing in purity, it becomes pure at about 0.46^, and, starting from 
this point, presents differences of brightness only ; the maxi- 
mum is near the place where the color becomes pure. 

The dichromatics see, therefore, in the spectrum only two 
colors, but it is difficult to tell which. If we designate the 
colors as yellow and blue, it is not a sure sign that the spectral 
colors give them the same impressions as those which we ob- 
tain by yellow and blue. Generally speaking, it is impossible 
to communicate to any one the nature of a sensation which we 
experience otherwise than by a comparison. If, for example, 
one man told another that an object had a sugary taste, he only 
means to convey that the object gives him a sensation similar 
to that which sugar would give him. The other can then verify 
this if he also finds that the taste of the object is similar to 
that of sugar, and if he finds it so he will say that the former 
has a normal taste; but it is impossible to tell whether the object 
has the same taste for both. — As we cannot know how the 
daltonists see colors, Bonders proposed to replace in their case 
the expressions of yellow and blue colors by those of warm 
and cold colors, terms which are in use among painters. 

We must observe, however, that while in all other known 
cases the daltonism was bilateral, there exists in literature a 
unique case of uniocular daltonism ; it is clear that such a patient 
would be well qualified to give information on the question of 
knowing how the daltonists see the colors. The case was very 
well investigated by Hippel, The left eye was normal, while 
the right eye, which squinted, but which had been operated on 
and presented no ophthalmoscopic lesion, showed an anomaly 
wholly analogous to ordinary daltonism. The neutral point 
(situated at 0.512^) divided the spectrum into a yellow part 
and a blue part. The red and green of the spectrum were, in 
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hue, similar to the yellow, but appeared a little less bright. Now, 
looking at the yellow sodium line, first with one eye and then 
with the other, the subject declared that the appearance was 
the same for both eyes, apart from a slight diminution of 
brightness for the dichromatic eye. It was the same for the 
blue indium ray as for the white. If, therefore, we can con- 
sider the case of Hippel as a case of true daltonism the difficulty 
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Fig. 165.— Color table of Uaxwell. 



seems solved. The sensations which the daltonists designate 
as yellow and blue would be identical with those of normal 
persons. 

As color-blind persons recognize the equation of the normal 
eyes, the colors which are complementary for normal eyes are 
also complementary for them. It follows that the color comple- 
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tnentary to the neutral point must also appear gray to them 
(or be invisible), as well as all the colors situated on the dia- 
meter of the table which joins them. As the colors next to 
the neutral point appear strongly mixed with white, their com- 
plementaries, as long as they are in the spectrum, must appear 
of very little brightness, since they must neutralize only the little 
chromatic value which is in these grayish colors. 

While an equation of colors, which is true for a normal eye, 
is so also for the color-blind, the reverse is not true : color-blind 
persons recognize as simifar, mixtures which are by no means 
so for a normal eye. For a daltonist, we can reproduce the im- 
pression of any color of the spectrum, as well as that of white, 
by mixtures of two colors. On account of this peculiarity, the 
anomaly in question is also termed dichromasia. 

MaxweU used two of his standard colors, green and blue. He 
thus found, for a dichromatic student, the equation 

4.28 G + 4.20 Bl = W. 

The position of this mixture color is marked on the table 
(fig. 165) by the letter k; the letter K indicates the correspond- 
ing spectral color, which is the neutral point. As the daltonists 
recognize the equations of the normal eyes, we can combine this 
equation with that of the normal eye (page 305) 

2.36 B + 3.99 G + 3.87 Bl = W. 

We have, therefore, for the daltonist 

2.36 B 4. 3.99 G 4. 3.87 Bl = 4.28 G + 4.20 W 

an equation which we can also write 

L = 2.36 B — 0.29 G — 0.33 Bl = 0. 

This latter color would not, therefore, produce any impres- 
sion on the dichromatic eye and would represent, up to a certain 
point, the element which is wanting in it. Its place is marked 
by the letter L on the table (fig. 165). As L is situated outside 
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the spectral curve, it is a fictitious color which really does not 
exist, but which we must suppose still purer than the correspond- 
ing spectral color which is marked I, since it is situated farther 
from the white than the latter. Compared with L, / is to be 
considered as a mixture of white. Nor is it wholly invisible, 
but very feeble. 

For his daltonist, Maxwell succeeded in reproducing all the 
colors of the spectrum by mixtures of his two standard colors. 
The results are represented by the curves in figure i66. More- 




Fig. 166. — Color curves of a dichromatic, after MaxwelL 

over, it would be simpler to select two colors which appear pure 
to the daltonists, as van der Weyde and latterly Kcenig and 
Dieterici have done. The green color of Maxwell seemed to 
the daltonists slightly mixed with gray, as the curves show. 
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Fig. 167.— Color table of a dichromatic, after the measurements of 

Koenig and Dieterici, 

On the table of colors the whole chromatic system of the 
daltonists is reduced to a straight line (fig. 167), since all the 
colors which we can produce by mixing two given colors must 
be placed on the straight line which joins them. The line, too, 
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corresponds only to the part of the spectrum in which the colors 
are seen mixed with white, because all the parts where the 
colors seem pure, must come together in the two points which 
form the extremities of the line. 

Examining a series of daltonists, we observe that the position 
of the neutral point is not exactly the same in all. It varies 
in different persons between 0.492^ and 0.502^. In figure 165 
these two points are marked R and S; it is, therefore, between 
R and S that the position of the neutral point may vary, and 
consequently, the direction of the neutral diameter would vary 
between RT and SQ. There restilts a certain difference between 
daltonists whose neutral point is situated nearer R, and those 
in whom it is situated nearer S. In the former, the neutral 
diameter passes through the green-blue and the red (i), and 
the spectrum seems shortened, because the red extremity con- 
tains the colors complementary to the gra3rish colors and must^ 
consequently, as we have seen, appear very dark. In the others, 
the neutral point corresponds to a color situated nearer the 
green, the complementary of which is purple, and not found 
in the spectrum. As the colors complementary to the gray 
parts of the spectrum do not correspond to the red extremity, 
the latter preserves its ordinary intensity and the spectrum is 
not seen shortened. 

Guided especially by theoretical considerations (see page 329), 
it has been proposed to distinguish between these two forms 
by designating the former as anerythropsia (Rothblindheit) , the 
latter as achloropsia (Griinblindheit), It was Seebeck who 

• 

first distinguished between these two forms; but although he 
has been followed by a great number of scientists, among others 
by Helmholtz, Holmgren, Leber and Kcmig, this distinction does 
not yet seem completely justified. If the neutral diameter had 
always either the direction SQ or the direction RT, it would be 



(1) In order not to depart from the terminology which is generally used. I 
have designated the colors from 0.62 to 0.63^ as reds, but it must be noted that 
with the division of the spectrum which I have adopted in figure 151. and which 
was proposed by hitting, these colors are already in the orange. On the other 
hand, Chibret found with his instrument that the colors which the daltonists con- 
found most frequently are the orange and blue. 
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reasonable to distinguish between the two forms, but there seem 
to exist intermediary forms. The position of the neutral point 
is, moreover, not constant^ even for the same individual: it is 
displaced a little towards the blue when we increase the bright- 
ness of the spectnmi (Preyer). 

There have been described some very rare cases of anomalies 
of color vision, which are usually classified under the name of 
akyanopsia (Blaublindheit). In these cases the neutral point 
would be found in the yellow-green, and the spectrum would 
be seen shortened at its blue extremity. But the existence of 
this form is far from being established. In cases of poisoning 
with santonine, we meet anomalies of color vision which are 
somewhat in accord with these observations, but these phe- 
nomena seem rather to be attributed to a slight transient colora- 
tion of the vitreous body. 

In consequence of the deficiency of their chromatic system, 
the daltonists are often exposed to errors, which are especially 
striking when they confound red with green. This is why 
Dalton used to walk in the street with the scarlet cloak of the 
Oxford doctors, thinking that it was black or gray. Cherries 
seem to them of the same color as the leaves of the cherry 
tree, etc. To understand these errors we must recollect that 
the colors of objects are never pure ; they always contain white, 
and this is why red objects appear gray and not almost black 
like the red of the spectrum. In spite of these errors it is often 
astonishing to see how the daltonists know how to overcome 
their defect by making use of the differences which the colors 
present to them. Comparing, for example, red with yellow, 
they can frequently give their true names to these colors. The 
hue for both is the same, but the red appears to them less pure 
than the yellow, and they know that this less pure yellow is 
what is generally called red. They generally seem more sensi- 
tive to differences of brightness than normal persons do, and 
they can sometimes see traces of color which the normal eye 
does not discover. Thus Mauthner relates a case, in which the 
daltonist claimed that he saw yellow on a sheet of black paper. 
On examining the paper it was found that it really did reflect 
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a little of the yellow lights which had escaped the normal ob- 
server. 

111. Monodhzomaiia. — There exists yet another anomaly of 
the color sense, which is very rare, but seemingly well-estab- 
b'shed, name monochromasia. While color-blindness implies no 
other abnormality, mono-chromatic eyes manifest all other signs 
of weakness: photophobia, albinism, diminution of the visual 
acuity, etc. For these people differences of color do not exist; 
the only differences they perceive are differences of brightness, 
almost as on an engraving. The whole color table is narrowed 
to a point. The spectrum seems to them simply a luminous 
band, the brightness of which reaches its maximtun, not in the 
yellow as is the case with the normal eye, but in the green (at 
about 0.52^). Hering emphasized the analogy which exists be- 
tween the manner in which monochromatics see the spectrum, 
and the appearance which it presents to the normal eye when 
its brightness is very feeble. 

112. Clinioal Ezamination of fhe Color Sense. — The method 
of mixing colors forms the fundamental examination of the color 
sense, and we can scarcely pass it over if we desire to form an 
exact idea of the chromatic system of the person whom we 
observe ; but the method is too complicated for clinical use, and 
it is, besides, completely dependent on the good faith of the 
person whom we examine. For the clinician it is important to 
be able to decide quickly and surely whether his client is a 
dichromatic or not. With this object in view different methods 
have been invented. 

It must first be noted that we obtain only little useful in- 
formation by asking a color-blind person how he would term 
the color of such and such an object. If we present red to him, 
for example, it may not unlikely happen that he will designate 
this color as red, although he does not see it different from 
certain greens. 

The method most used is the test with colored yams (Hotm- 
gren). We present to the subject the green shade of least purity 
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and we request him to find the shades which resemble the latter, 
adding that they may be a little more or a little less pronounced. 
Besides the green shades^ the daltonist matches yellow grays, 
brown grays, red grays and pure grays. We then present to him 
pure purple. It is here that the alleged difference between the 
two kinds of daltonists becomes apparent. A person affected 
with anerythropsia would find that the blue and violet hues 
resemble pure purple, while a person affected with achloropsia 
would select the green and gray shades. Individuals who have 
only an incomplete color-blindness wotild stand the latter test, 
but not the former. Krenchel, Daae and others arranged colored 
yarns in the form of charts; Cohn used colored powders: See- 
beck, who invented the method, used colored papers. 

On the tables of Stilling are arranged a great number of 
spots of two colors, selected so as to be seen alike by the dalton- 
ist. There are, for example, on one sheet complementary spots, 
red and green; the reds are arranged between the greens so as 
to form numbers visible to the normal eye, but invisible to the 
dichromatic eye, which sees all the spots of the same color. 
The tables of Stilling do not seem very good; it appears that 
there are daltonists who read them, and normal eyes which do 
not read them. The tables of PflUger, which I have already men- 
tioned, are preferable ; they are based on a phenomenon of con- 
trast. The patient looks at a purple sheet on which are printed 
gray letters ; the whole is covered with tissue paper. A normal 
eye sees the purple ground through the tissue paper, and easily 
reads the letters which appear by contrast in the complementary 
color. The daltonist sees the ground gray like the letters, so 
that he cannot distinguish the latter. 

We can prove that the anomaly is not feigned by making the 
patient look through a colored glass. If the patient confounds 
green and red he should no longer confound them when look- 
ing through a red glass, for, as the green rays do not pass 
through this glass, the green must appear to him much darker 
than the red. Daltonists who need to be able to distinguish 
colors, chemists for example, may sometimes use with advantage 
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& colored glass, which puts them in a position to distinguish be- 
tween two colors which they otherwise confound. 

Polarization instruments have been used to discover color- 
bhndness; Rose constructed the first instrument of this char- 
acter; the leucoscope of Komtg is founded on the same principle. 
The best cf these instruments is the chromatoptometer of 
Chibret. If we place a plate of quartz cut parallel to the axis 
between two Nicols, parallel to each other and forming an angle 
of 45° with the axis of the quartz, we see the plate tinted a 
certain color which depends on the thickness of the quartz. 
Making the Nicol nearest the eye (the analyzer) rotate around 
the axis of the tube, the color becomes less and less pure. At 
45° the field is white, and if we continue to rotate the Nicol we 
obtain the complementary color, which increases the purity, up 
to 90°, when it attains its highest point. Replacing the analyzer 
by a double refracting crystal, a plate of spar, for example, 
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Fig. 168. — Ohromatoptomet^r of Chihrel. 



which acts tike two Nicols, perpendicular to each other, the 
field is seen double and one of the images of the field has the 
color complementary to that of the other. Rotating the spar, 
the colors become less and less pure, and at 45° the two fields 
are white. The hues of the two complementary colors depend 
on the thickness of the plate of quartz. In the instrument of 
Chibret, by placing the plate more or less obliquely, we can 
use a greater or less thickness, and thus obtain the whole gamut 
of colors. The instrument thus presents a very great number 
of hues and degrees of purity. 
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The patient looks towards a window through the instrument. 
We place the index of purity ES (fig. i68), which regulates the 
position of the doubly refracting crystal, at 5°, which gives 
colors strongly mixed with white, and after having put the 
index of the hues E G, which regulates the inclination of the 
quartz on the orange, at zero, we ask the patient if the fields 
are alike. If they are not, we rotate the index of the hues 
slowly towards the red, yellow and violet. If the patient al- 
ways sees the two fields different we repeat the experiment 
after having placed the index of purity at zero, which makes 
the two fields white. He ought now to see them alike. If the 
patient stands these tests, he is not color-blind. If, on the con- 
trary, in the first experiment he sees the two fields alike for 
a certain hue, he is color-blind. We then increase more and 
more the purity of these hues. If we thus succeed in producing 
a difference between the two fields the daltonism is incomplete; 
in the contrary case, it is complete. 

If there is question of persons who desire a certificate to be 
employed on railroads, or as sailors, etc., it may, in addition, 
be useful to examine whether they can distinguish signals. An 
aperture of 3 millimeters diameter in a screen, covered with 
white paper, and illuminated from behind by a lamp, suffices 
for this examination. We place the person to be examined at 
5 or 6 meters distance, and we see whether he commits errors 
when we place glasses of different colors before the aperture. 

113. Hypotheses on fhe Mechanism of Color Vision. — To ex- 
plain the mechanism of color vision different h)rpotheses have 
been tried: the old ones were without any anatomical basis; 
the more recent have been more or less inspired by the discovery 
of the retinal purple. None of these h3rpotheses are satisfactory 
in character, and the facts known up to the present do not 
seem yet sufficient to explain the mechanism of color vision. Let 
us mention briefly these hypotheses. 

Theory of Young. — The following is how Young explained 
his hypothesis: ''It is certain that we can produce a perfect 
sensation of yellow and blue by a mixture of green and red 
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light and of green and violet light. There are reasons for 
supposing that these sensations are always composed of a com- 
bination of separate sensations. This supposition at least sim- 
plifies the theory of colors; we may, therefore, accept it with 
advantage until such time as we shall find it incompatible with 
some phenomenon. We shall proceed, therefore, to consider 
white light as composed of a mixture of three colors only, red, 
green and violet/* 

According to this hypothesis, we suppose each nervous fibre 
of the retina composed of three fibres of the second order ; each 
of these three fibres would be provided with a special terminal 
organ (a photo-chemical substance) and also with a special 
central organ. An irritation of the first fibre would produce a 
red sensation^ an irritation of the second fibre a green sensation 
and an irritation of the third a violet sensation. These three 
colors are termed principal colors. An irritation of the first 
two fibres would produce yellow, etc. An irritation at once 
of the three fibres produces white, and if none of the fibres is 
irritated, we have the sensation of black. The red rays irritate 
the first fibre, the green rays the second, the violet rays the 
third ; the yellow rays irritate the first and second, and so forth. 
Young explained color-blindness by supposing that one of the 
fibres was wanting. — One of the advantages of this hypothesis 
is that we can suppose the action identical in the three fibres. 
The action in the terminal organs must necessarily be different, 
but the one in which the impression is conducted to the brain 
may be the same in the three cases. The difference between 
the three sensations would be produced by the different reaction 
of the central organs. 

In this form the theory is very attractive, but does not ac- 
cord with observations on color vision. It requires, indeed, 
that we can select three spectral colors so as to be able to re- 
produce all existing hues and degrees of purity by mixing them. 
But we have seen that this is not possible; there always remain 
some of the spectral colors which are purer than the mixtures. 
According to Young the color table must have an exactly tri- 
angular form, but the observations of Maxwell have shown that 
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this is not the case. We cannot use, for example, the standard 
colors of Maxwell as principal colors, because we cannot repro- 
duce with them the colors situated outside of the triangle. 

Modification of the Theory of Young by Helmholtz. — 
We must, therefore, suppose that the sensations corresponding 
to the principal colors are still purer than the spectral colors, 
for then their mixtures could have the same purity as the latter. 
On the table the principal colors would then be placed farther 
from the center than the spectral colors, so that the triangle, 
which we would obtain by joining them, would complete the 
entire curve. 

Helmholtz supposed that each spectral color irritated the three 
fibres at once, but in a different degree. Thus the red rays 
would irritate the first fibre strongly, the other two feebly. The 
impression produced by the spectral red would already contain 
white. Helmholtz remarked, in this regard, that this impression 
is not the purest sensation of red that we can have. If we first 
produce an after-image of an object of the complementary color, 
before looking at the spectral red, the impression becomes much 
more vivid, because we would thus have fatigued the two other 
fibres. 

Helmholtz at first tried to explain color-blindness, as Young 
did, by the absence of one of the fibres. He supposed, there- 
fore, three kinds of color-blindness: anerythropsia, achloropsia 
and akyanopsia. As we have seen, the last form is very doubt- 
ful, and the first two seem to become blended into one. But, 
there are yet other difficulties. Persons who are color-blind 
declare that they see yellow or blue in the spectrum, while, ac- 
cording to Helmholtz, they should see green and violet or red 
and violet. The hypothesis was saved by saying that it was 
not possible to know what they meant to convey by blue and 
yellow, but as this explanation became very doubtful, after the 
observation of Hippel, the hypothesis was modified once more 
by supposing that color-blind persons possess three fibres, but 
that in them the colors act equally on two of the fibres. If, for 
example, the red rays act as much on the first as on the second 
fibre, they must produce a yellow sensation. It is the same for 
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green rays. Taking the blue as the third principal cx>lor, we 
could thus explain the manner in which color-blind people see 
the colors; but all these modifications do not add to the [fusi- 
bility of the hypothesis. 

Theory of Hering. — ^This scientist assumes a "visual sub- 
stance" which is a mixture of three others: one, which deter- 
mines the sensation of black and white, another, which deter- 
mines that of red and green, and a third, which determines that 
of yellow and blue. The red light acts on the red-green sub- 
stance, causing a katobolic change (disassimilation) which pro- 
duces the sensation of red. The green lig^t, on the contrary, 
wotild cause an anabolic change in this substance by its action 
(assimilation) which would produce the sensation of green. The 
same takes place in the case of the yellow and blue rays in re- 
lation to the yellow-blue substance. The intermediary rays act 
on the two substances alike. But all the rays acts on the whitish- 
black substance, which Hering expresses by sa3ring that these 
rays have besides their color value (Valens), a white value 
( Valenz) also. It is not only the white lights but also the colored 
rays, which disassimilate this substance. If the two other sub- 
stances did not exist, all the rays would produce a white sen- 
sation, but of different brightness. This is what takes place in 
the case of monochromatics (achromatics). If only one of the 
two substances is wanting we have the dichromatic system. 

Hering supposes^ therefore, four principal colors: red and 
green, yellow and blue, and he thinks that we have a direct im- 
pression of the fact that these four colors are pure, and that 
the others, perceived by an action on the two substances together, 
are compound. 

The rivalry between these two theories, the first of which 
was inspired by observations on mixtures of colors, whilst the 
second seems to be derived especially from the study of after 
images, has formed the subject of a great number of works; 
the pupils of Helmholtz tried to prove that the hypothesis of 
Hering was false, and vice verses It seems to me that both 
theories have suffered by it. The theory of Hering seems rather 
to give a statement of known facts, than to explain them. It 
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is based on the fact, which it seems to me difficult to deny, that 
the human eye does not see any resemblance between the four 
principal colors of the spectrum, red, yellow, green and blue, 
while each of the intermediary colors resembles two of the prin- 
cipal colors. But it must be noted that the red of Hering ought 
to be complementary to the green ; it does not correspond, there- 
fore, to the spectral red, which, according to Hering, already 
contains yellow, but to a purple color which we cannot readily 
claim to give the direct impression of a pure color, (i) It 
seems to me also that a theory which renders no account of 
the special situation of the yellow among the colors, is necessarily 
insufficient. 

Other Theories. — Among the more recent theories, we may 
cite that of Ebbinghaus, who supposes the existence, in the cones, 
of a green substance, the decomposition of which would produce 
the sensation of red and green, while the purple, by its decom- 
position, would produce the sensation of yellow and blue. 
Pcurinaud supposes that stimulation of the rods produces a sen- 
sation of non-colored light, while stimulation of the cones may 
produce all possible sensations, the sensation of colors and the 
sensation of white. The retina would have two systems sensi- 
tive to light, one monochromatic, the other trichromatic. The 
ideas of v. Kries almost agree with those of Parinaud. 

Arthur Kcmig exploited a theory which may be considered 
as a development of the theory of Young-Helmholts. He sup- 
poses the red, green and blue as principal colors. According to 
Kcenig, the decomposition of the retinal purple into yellow pro- 
duces the weak sensation of gray, which causes any color when 
it is sufficiently weak. Further decomposition produces the sen- 
sation of blue. Perception of the two other principal colors, 
green and red, is effected by the agency of the pigment cells, 
while the cones must be considered as dioptric instruments in- 



(1) Towards the peripherj of the vieual field there exists a dichromatio tone, 
in which we see only yellow and blue colors. A red object seems yellow at this 
place, while a purple color appears blue; it is the intermediary tint which 
corresponds to the red of Hming. 



332 PHYSIOLOGIC OPTICS 

tended to concentrate the light on the epithelial layer. — I have 
already mentioned that H. Muller measured the distance of the 
retinal vessels from the sensitive layer by means of the parallax 
of the vessels, seen entoptically (see page 183). In collabora- 
tion with Zumft, Kcmig repeated these experiments with spectral 
light. He found that the distance increases according as we 
approach the red end of the spectrum. The layer sensitive to 
green light, and especially that sensitive to red light, wotild, 
therefore, be situated behind the layer sensitive to blue. The 
distance of these two layers exceeded even the retinal thickness, 
which led Kcmig to suppose that the perception of these two 
colors takes place in the epithelial layer. — ^These experiments 
still need to be verified; Roster repeated them without success. 

Bibliography. — ^In spite of the great number of works on color vision, 
this question still seems imperfeetly elucidated. In the preface to his 
treatise on light which appeared a few years before Newi(m*» works on 
optics, Buyghent said he would not speak of colors, ''a question in which, 
up to the present, no one can pride himself on his success." It seems 
to me that this phrase, which was true at the time of Hfi/yghenB as to the 
physics of colors, may be applied to-day to their physiology. This subject 
has not yet found its Newton, 

Newton (I.). Optic*. London, 1704. — ^Lambert. Farhcnpyramide. Augs- 
burg, 1772. — ^Dalton, EdinhurgK PhUos, Journal, Vol. "VT. — (Euvres de 
Young, edited by Tscheming, p. 217-232. — Purldnje. Zur Physiologic der 
Sinne, II, p. 109, 1825. — Seebeck. Ueher den hei manchen Personen vor- 
Jcommenden Mangel an Farhensinn. Pogg. Ann., 1837, p. 177. — Helm- 
holtz (H.). Ueher die Theorie der eueammengesetzten Farhen. Pogg. Ann., 
1852, p. 45. — Helmholtz (H.). Ueher die Zuaammenseteung der Spectral- 
farhen, Pogg. Ann., 1855, p. 1. — Helmholtz (H.). Ueher die Empfindlioh' 
Jceit der menschlichen Netzhaut fur die hrechbarsten Strahlen dee Sonnen- 
lichts. Pogg. Ann., 1855, p. 205. — Maxwell (C). Experiments on Colors 
as Perceived hy the Eye vnth BemarJcs on Color Blindness, Transact, of 
the Boy, Soc, of Edinh,, XXI, 1855.— Maxwell (C). On the Theorie of 
Compound Colors and the Belations of the Colors of the Spectrum. PhiL 
trans., 1860. — Maxwell (C). On the Uneqtuil SensihUity of the Foramen 
Centrale to Light of Different Colors. Edinb. Joum., 1856, IV, p. 337. — 
Bering (E.) in Lotos Prag., 1880-82-85-87.— Rayleigh. Nature. VoL XXV, 
p. 64, 1881. — Mac4 de Lepinay and Nicati. Ann. de chimie et de physique, 
Ser. 6, t. 24, p. 289, 1881 et t. 30, p. 145, 1883.— Uhthoff (W.). Ueher 
das Ahhdngigkeitsverhdltniss der Sehseh&rfe von der Beleuchtungsintensitat, 
Orafes Arch. XXXII, 1886.— Uhthoff (W.). Weitere Untersuchungen aher 
die AhhdngigJceit der Sehschdrfe von der Intensit&t sowii von der WeUen- 






THE COLOR 8EN8E 333 

Unge vn SpeJctrum. Grafes Arch. XXXVI, 1890.— Kriess (I. v.). J)ie 
Geiichtsempflndungen und ihre Analy$e, Leipsig, 1882. — v. HippeU Or&fes 
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eoMiehen Auges. Acad, of Berlin, 1894, May 24. — Koenig (A.). Ueher den 
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t. GXn, p. 228, 1894. — ^Koster (W.). Ueher die peroipirende ScMeht der 
Netehaut heim Menechen, Grafes Arch., LXI, 1, p. 1, 1895. 



CHAPTER XVIII 

THE FORM SENSE 



114. Central Visual Acuity. — The power of distinguishing 
forms is a very complex faculty, which is in great part con- 
nected with the ocular movements. To judge of the form of 
objects we grope for them, so to speak, with the look. Never- 
theless, indirect vision furnishes an idea of the form of objects. 
According to empiric ideas (page 263) it would be the observa- 
tions made during the displacements of the look that would 
have taught us the meaning of the impressions obtained in in- 
direct vision. 

The lowest angle under which two points can be distinguished 
from each other has been taken as the measure of the form 
sense. Astronomers for a long time devoted attention to this 
question. Hooke, for instance, said that in order that a double 
star can be recognized as such by the eye, the interval must 
correspond to one minute, and moreover, that good eyes would 
be necessary to see two stars under these conditions. Later^ the 
physiologists took up the question, generally by working with 
a small grating the bars and intervals of which were of the 
same size. We place the grating towards the sky and try how 
far we can move away from it before the bars become confused. 
Care must be taken that the image formed on the retina is dis- 
tinct, by correcting defects of refraction, if there are any. In 
accord with most observers Helmholtz found nearly the same 
angle as Hooke, that is to say, one minute, but it must be ob- 
served that it is neither the width of a bar nor that of the in- 
terval, but the sum of the two, which corresponds to this angle. 

Considering the anatomical structure of the retina, we would 
expect that the angle of least distinction would correspond to 
the size of a cone. In the experiment of Hooke we may sup- 
pose, indeed, that we can distinguish two stars if, between the 
two cones on which their images are formed, there is found a 
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third, which does not receive any impression (fig. 169). We 
may^ therefore, conclude that the angular size of a cone must 
be smaller than the angular distance separating the two stars. 
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Fig. 169. 

Experiment of HooJce. 

The images of two 

stars (e, e) are formed 

on two cones separated 

by a third. 



Fig. 170. 

Measurement of the 
Tisoal acuity by a 
grating. 

aa, Images of the 
bars separated by 
those of the intervals. 



Fig. 171. 

Measurement of the 
▼isual acuity with a 
grating. 

Limit. — ^AU the cones 
receive the same im- 
pression. 



In the experiment of Helmholtz, on the contrary, we cannot 
conclude that the size of the cone must be smaller than the 
angular size of the black bar; for we can very well imagine a 
larger cone, the central part of which may be occupied by the 
image of the black bar, while the lateral parts would be occupied 
by a part of the images of the intervals, but which would re- 
ceive, however, less light than the neighboring cones (fig. 170). 
But we can conclude that the cone must be smaller than the 
angular distance separating the centers of the two neighboring 
luminous intervals (or, which amounts to the same thing, smaller 
than the sum of the black bar and a luminous interval), for if 
the size of the cones were equal to this distance, all the cones 
would receive the same quantity of light (fig. 171), and the 
bars would be confused. Thus the result obtained by Helmholtz 
is in agreement with that of Hooke. 

Racing the distance of the nodal point of the eye from the 
retina at 15 mm. the angular size of a minute corresponds to 

— 12_^ =0.004 mm. In the fovea the size of the cones is about 
0.002 mm. The visual acuity does not seem, therefore, to alto- 
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gether reach the degree which we would expect accordii^ to 
the structure of the retina, probably on account of optic ir- 
regularities. It seems rare, indeed, that a luminous point forms 
its image on a single cone, and if it extends over several cones, 
it is not strange that the angle of least distinction is larger than 
the angular size of a cone (fig. 172). 



t 



Fig. 172. — Ezperiment of Hooke, the optiea of the eye being defective. 
Instead of distinet images, the stars f onn diifosion spots, ee, ee. 

One might think that the least angle of visibility may serve 
as a measure of the form sense, that is to say, that we can 
measure it by determining what is the smallest visual angle un- 
der which an object may be seen; but it is evident that this 
angle depends solely on the Ituninous intensity of the object, 
for, in spite of their minimum angular size, we see fixed stars 
very well when they are sufficiently luminous. 

If the eye were optically perfect, so that the image of star 
could be formed on the surface of a single cone, it is easy to 
see that the luminous impression which this cone may receive, 
if it be sufficiently strong, would suffice to make the object 
visible, even if the image did not occupy the entire surface of 
the cone. But, as a rule, the optic properties of the eye are not 
so good. Most people do not see the stars as points, but as 
small surfaces so much greater in proportion as the star is 
brighter; the image of the star is, indeed, a circle of diffusion 
composed of more or less luminous parts: when the light is 
feeble these latter parts disappear so that the star appears 
smaller. As long as the star is luminous the image, therefore, 
generally covers several cones ; if the light diminishes the image 
may be formed on a single cone, but the visibility always de- 
pends on the brightness only. A comparison with the preceding 
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experiment shows also that we cannot use the visibility of a 
single star as a measure of visual acuity; the experiment would 
be identical with that of the grating, if we imagine two infinitely 
large bars separated by an interval corresponding to the star. 
We have seen that we may conclude that the angular size of 
the cone is smaller than the angular size of a bar plus an in- 
terval ; but this, in the present case, has no application. 

In clinics we use, for the measurement of visual acuity, the 
charts of Snellen or others constructed on the same principle. 
The letters are arranged so as to be seen under an angle of 5 
minutes; the lines which form the letters, as well as most of 
the intervals which separate them, are seen under an angle of 
I minute. We see that the normal acuity of Snellen corresponds 
to half of that which HelmhoUz found, with his grating, in 
which each bar and each interval corresponded to a half minute. 
We have found also that the best eyes have a visual acuity 
which approaches 2 (for^)* ^^^ ^^ ^^ ^ almost certain that 
if, with a good illumination, the acuity is only equal to i, the 
eye presents defects sufficiently pronounced to be easily estab- 
lished. 

We have said that the angle under which the letters are seen 
corresponds to 5 minutes. The angle being equal to the linear 
size of the letter divided by the distance at which it is seen; it 
is clear that the letters which are intended to be seen at a dis- 
tance of 12 meters must have double the linear size of those 
which are seen at 6 meters. If the former are seen at a distance 
of 6 meters only, we say that the visual acuity is equal to A—JL 
Different authors, Javal among others, have observed that this 
way of designating the visual acuity is not very logical, and 
that we should, in this case, say that the acuity is equal to ^, 
since the surface of the letter in question is 4 times greater 
than that which corresponds to the acuity i. 

In spite of the theoretical objections which may be made to 
it, the chart of Snellen is, however, very practical. It is certain 
indeed, that some of the letters are much more easily read than 
others on the same line. The legibility of a letter is, indeed, a 
very complex affair, which is far from depending altogether 
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on the size of the intervals separating the different lines. At- 
tempts have been made to remedy this, sometimes by making 
larger the letters which are read with difficulty, sometimes by 
selecting only letters which are easily legible. These improve- 
ments are not widely employed, for they are without much 
utility ; by using the chart we learn, in fact, very quickly the 
degree of legibility which each letter has for a normal eye. A 
more serious inconvenience is the small number of large letters, 
which frequently renders the determination of refraction diffi- 
cult in cases in which the acuity is not so good, because the 
patients learn the letters by heart. To have a constant illumina- 
tion, it is well to place the chart in a dark place and to illuminate 
it with a gas jet provided with a reflector, which protects the 
eyes of the patient. The chart of Jazml is transparent and placed 
by the side of the patient, who looks at it in a looking-glass. 
We thus achieve this result, that the letters, being opaque, are 
always seen perfectly black, and that the distance is double by 
reflection. The size of the letters increases in geometrical pro- 
gression, which had already been proposed by Green. Burcardt 
had printed series of groups of dots of different sizes arranged 
after the principle of Snellen. The patient must be able to 
count the number of dots which compose a group. Many oculists 
followed the example of Snellen and constructed charts on the 
same principle. 

We still use the reading test types of Jaeger, the first fairly 
complete collection of characters of different sizes which had 
been used. The advantage which the chart of Snellen presents 
is that it has written upon it the distance at which the patient 
ought to be able to see each line, which enables oculists to ex- 
amine the sight of all patients at a like distance. This principle 
had already been applied by Stellwag. 

In 1891, Guillery proposed to measure the visual acuity simply 
by the distance at which we can distinguish a black point on a 
white ground. By comparisons with the letters of Snellen, he 
found that a black point seen under an angle of 50 seconds 
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corresponds to the normal acuity; at 5 meters it should have 
a diameter of 1.2 mm. This point is designated as No. i. No. 
2 has the surface twice as large as No. i, and the patient who 
sees only No. 2 at 5 meters distance, has an acuity of \, etc. 
Each point is on a white square, sometimes in the center, some- 
times below, sometimes in an angle, etc., and there are on the 
same line several tests side by side in which the point has the 
same size. The patient must tell at what part of the square 
he sees the point. It seems that we measure the visual acuity 
quite as well in this way as by the principle of Snellen, which 
is quite interesting, and shows that we cannot identify the ex- 
aminations with the luminous point on a black ground with 
that made by means of a black point on a white ground. Javal 
constructed a small portable scale on the same principle: it is 
composed of small black squares, such that the side of a square 
is also equal to the diagonal of the preceding one. If the side 

is equal to i, the diagonal is v'i'+i'=%/2, which is the side of 
the following square; the diagonal of this latter is then 2, and 
so forth. In this manner the area of a square is always double 
that of the preceding square. 

Relations Between Visual Acuity and Illumination. — 
The visual acuity depends directly on the illumination of the 
chart, but it is quite difficult to determine the relation in a 
general way, because there are many different factors which 
affect it. Thus the relation must depend on the pupillary size, 
on the manner in which the pupil contracts under the influence 
of light, on the degree of optic perfection and especially on the 
adaptation of the eye to darkness. Druault has made some 
researches on this question, by moving a candle (of stearine of 
22 mm. diameter) towards the visual acuity chart, and noting 
the distance at which this light would allow each line to be 
read; the eye was in a degree of medium adaptation. In order 
to obtain high degrees of illumination, he replaced the candle 
by a lamp equivalent to fifty- four candles. The following table 
shows his results, taking as unit the illumination obtained by 
placing a candle at a distance of one meter. 
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ninmination. Aeui^. 

15 

0.016 meter eandles — = 0.075 

200 
15 

0.020 ** «' — = 0.15 

100 
15 
0.028 ** *' — = 0.21 

70 
15 
0.047 *' *' — = 0.30 

50 
15 
0.12 ** ** — = 0.37 

40 
15 

0.25 ** '* — = 0J50 

30 
15 

0.67 *' ** — = 0.75 

20 
15 

1.50 '* *' — = 1.00 

15 
15 

16.7 ** '* —=1.25 

12 
15 

5400 *' *' — = 1.50 

10 



'^ • 



Hm 



We note that the acuity increases rapidly at first, then slowly, 
with the illumination, and finally there is need of an enormous 
increase of illumination in order to make the acuity rise from 
1.25 to 1.50. Still increasing the illumination, the acuity would 
probably still increase, but very little, so that the curve indi- 
cating the visual acuity for the different illuminations would be 
a flattened curve much elongated and more or less like the curve 
of the light sense (fig. 148). 



I have already observed that the relation between the visual 
acuity and the illumination depends, furthermore, on the color 
of the light used (page 293). 
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The theory according to which the layer of the cones and 
rods would be the sensitive layer, explains sufficiently well the 
acuity which we obtain with a good illumination, but it gives 
by no means a satisfactory explanation of the manner in which 
the acuity falls when the illumination diminishes. 

115. Peripheral Acuity. — We determine the limits of the 
visual field with a perimeter or campimeter, by allowing the 
person examined to fix the center, and finding up to what limit 
the patient can still see the object in indirect vision. The dis- 
tance of the eye from the plane of the campimeter, or from 
the arc of the perimeter, varies slightly for different instnmients. 
The object is generally a white square (or a colored one), the 
side of which is about i centimeter. WSth the white object 
we thus find the absolute limits of the field; taking larger or 
brighter objects we scarcely obtain any more extended limits. 
It is otherwise for the examination with colors. It seems^ in- 
deed, that by taking sufiiciently large and bright objects we 
obtain larger limits than by ordinary examination. In clinics, 
we examine generally with the white, blue, red and green, and 
we find, as a rule, the field less extended in the order in which 
I have named the colors. If one finds different limits for the 
red and green, this is probably due to the fact that colors which 
are not complementary or which have a different brightness are 
used. Otherwise we ought to find the same limits. 

The visual acuity falls greatly as soon as the image is moved 
away from the fovea. If, for example^ we fix the border of 
the chart of Snellen the acuity falls in consequence to \ or iV. 
Attempts have been made to determine the peripheral acuity 
according to the principle of Snellen, but the method is very diffi- 
cult to use clinically, whilst another method introduced by 
Bjerrum seems to give good results. He simply repeats the 
perimetric examination with smaller and smaller objects. He 
uses a distance of 2 meters, placing the patient in front of a 
large black curtain; the objects used are small ivory discs of 
different sizes, fixed on black rods of i meter in length. The 
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observer must wear black gloves. By thus examining, Bjermm 
found as the limits of the normal field: 

Outaide. Inside. Below. Above. 

With a disk of 3nun 350 300 300 25o 

— — Onun 50© 490 490 350 

Normal limits 90^ 60© 70^ OQo 

By this method we can frequently establish defects which we 
could not otherwise find. We thus meet cases of atrophy of 
the optic nerves, in which the field examined in the ordinary 
manner is normal, whilst the method of Bjerrum reveals con- 
siderable contractions. In glaucoma Bjerrum has, by his method, 
discovered scotomata scattered in the field, but which are gen- 
erally connected with a spot of Mariotte by a lacuna in the form 
of a bridge. The paracentral scotoma is thus connected with 
the papilla by a lacuna which surrounds the upper or lower half 
of the macula. Its form indicates directly the course of the 
nerves. Sometimes it may be useful to repeat the examination 
with diminished illumination. 

More recently, Groenouw has made analogous measurements 
with a black point on a white ground. He designates as isopters 
the lines drawn in the visual field through the points where the 
visual acuity is the same. These methods are founded on the 
same principle which was used by Guillery for the measurement 
of central acuity. Their theory is still to be formulated. 

In the normal field there is only one interruption, namely, the 
blind spot which corresponds to the papilla. It was discovered 
by Mariotte, whose name it bears, and created at the time a 
very great sensation. From his discovery Mariotte drew this 
conclusion, that it is the choroid which is the sensitive layer of 
the eye, since it was absent in this place, and this idea was for 
a long time accepted. We can determine the form of the blind 
spot by the ordinary methods with the perimeter, and still better 
by placing ourselves at a distance of one or two meters. The 
spot has an elliptical form; generally we succeed, on examining 
with a very small object, in following the big vessels a little 




THE FOBU SENSE 



S4S 



outside of the papilla (fig. 173). If we do not succeed in follow- 
ing them farther, it is due to the lack of stability of the fixation. 
According to the researches of Dr. Holth, who drew figure 173, 
it is almost impossible to maintain an almost exact fixation for 
more than 5 or 6 seconds ; after this time the look makes in- 




Ffg. 173. — M«riotte'a blind apot in my right eye, diavra by Holth. 

voluntary deviations which may reach a third or half a degree, 
and after 20 or 30 seconds we frequently observe deviations 
which often exceed one degree. We can control fixation by 
using as the object of fixation a point marked on a small colored 
surface on a white ground. After a very short time we see 
the surface surrounded with a border of the complementary 
color. — The interna] border of the spot of Mariotte is about 12 
degrees from the point of fixation, and the diameter corresponds 
to about 6 degrees, or 12 limes the diameter of the moon. 

Phenomenon of Troxler. — If we draw several black spots 
on a sheet of paper and fix one of them for some time, we see 
sometimes one, sometimes another of the surrounding spots dis- 
appear, to reappear a little while after, generally at the moment 
of winking or of making a slight movement of the eye. This 
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singular phenomenon which was described at the beginning of 
this century by Troxler, has recently been studied by Dr. Holth, 
The color of the background, as well as that of the spots, plays 
no part ; during the disappearance of these latter we see in their 
place the background only; the scotoma is, therefore, filled al- 
most like the spot of Mariotte. Even the spot fixed may dis- 
appear after a long period of fixation. In order to study the 
phenomenon we can observe a regular diagram as in figure 174. 
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Pig. 174. 



For my eye the phenomenon begins after having fixed the middle 
for 8 or 9 seconds, that is to say, at the moment when the fixa- 
tion begins to be less steady. From this moment the figure 
shows continuous changes: sometimes one part of the figure 
disappears, sometimes another. An interesting fact is that most 
frequently the scotomata are not absolute: sometimes it is the 
horizontal lines which disappear at one place, while the vertical 
lines persist, sometimes the contrary takes place. These phe- 
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nomena recall forcibly that which has been described under the 
name of antagonism of the visual fields and which we observe, 
for example, when presenting in a stereoscope horizontal lines 
to one eye and vertical lines to the other. — ^If we fix the center 
of a figure composed of concentric circles and radii, we see 
sometimes the latter, sometimes the circles. On a chess-board 
we see sometimes one^ sometimes another of the squares dis- 
appear, and so forth. Holth even caused luminous objects to 
disappear, the moon for example; according to him small ob- 
jects disappear even if we give them a slow motion. There is 
reason, therefore, to be on the guard against this source of 
error, if we wish to perform perimetry with precision. 



r. — ^Hooke v. Smith, Robert. Court eomplei d'opiique, trans- 
lated by Pezenas. Paris, 1767, p. 44. — ^Trozler. Ueher daa Versehwinden 
gesehner Oegenstdnde innerhatb unseres GesiehUkreUes. Himi^ v, Sehmidi. 
Ophthdlm. BibUotheh., 1802, n, p. 1. — auvres de Young, edited by Tseher- 
ning, p. 78. — Stellwag v. Oarion. Die AeeommodaiionifeMer de$ Auges. 
Wien, 1855. — Ouilleiy. Ein Vonehlag gur Vereinfaohung der Sehprohen, 
Arch. f. Augenbeilk., XXHE, p. 323, 1891. — GrcBnouw. Ueher die Sehaehdfe 
der NeUhauiperipherie and eine neue Untereuchungemeihode dereelben. 
Arch. f. Augenbeilk., XXVI, p. 85, 1893. — ^Bjemun. UndereoegeUen af 
Synei, Ck>penhagen, 1894. — 8. Holth. Om dei normale Syneorgane Stirrer 
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CHAPTER XIX 

THE LAW OF LISTING 

116. Center and Axes of Eotation of fhe Eye. — The movements 
of the eye are made freely in all directions; the extent of the 
field of fixation is about 55° in all directions. — ^It is easy to 
prove that the soft parts which fill the orbit are incompressible: 
if we try to push the eye backwards, we meet with considerable 
resistance; the movements of the eye are limited, therefore, to 
its rotations. 

These rotations are made, at least approximately, around a 
center which, according to the determinations of Bonders, is 
situated about 10 mm. in front of the posterior surface of the 
sclera, or 14 mm. behind the summit of the cornea. It coincides 
with the center of the posterior surface of the globe, supposed 
to be spherical. It is not certain that the center of rotation is 
exactly the same for movements in different directions. 

Danders, in collaboration with Dojer, determined the position 
of the center of rotation of the eye in the following manner. 
He first measured the diameter of the cornea with the ophthal- 
mometer of Helmholtz, and then placed a hair (a, fig. 175) 
stretched vertically in a ring, in front of the middle of the 
cornea. He then examined the angular size of the lateral move- 
ments of the look, which the observed person had to make, in 
order that the hair would be seen successively in coincidence 
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with the left and right borders of the cornea. Let ACD (fig. 
175) be one of these movements, p half the diameter of the 
cornea, and x the distance CE. Then we have p=xtg ACD, 




Fig. 175. 

from which we can calctilate x. Adding to this distance the 
height of the cornea, we find the distance of the center of ro- 
tation from the cornea. 




Fig. 176. 
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The six motor muscles form^ as we know, three pairs, (i) 
which cause the eye to turn around three axes passing through 
the center of rotation of the eye. The axis of the external and 
internal recti is vertical. The axes of the two other pairs are 
situated in the horizontal plane. The nasal extremity of the axis 
of the superior and inferior recti, BAi (fig. 176) is situated a 
little in front, so as to form an angle of about 70° with the 
visual line. The temporal extremity of the axis of the oblique 
muscles CD (fig. 176) is directed very much forwards; it forms 
an angle of about 35^ with the visual line. 

The internal and external recti turn the eye, therefore, directly 
inwards and outwards. The superior and inferior recti direct 
the look upwards and downards, but at the same time a little 
inwards. The inferior and superior oblique direct the look either 
downwards or upwards but at the same time outwards. The 
look is directed straight upwards by the combined action of the 
superior rectus and the inferior oblique, and the direction down- 
wards is obtained by the combined action of the inferior rectus 
and superior oblique. 

The muscles make possible the rotation of the g^obe around 
any axis. This is all that it is of importance to know for the 
physiology of the eye. We must not think that the eye turns 
oftener around the axes which we have just described, than 
around the intermediary axes. It seems, indeed, that all six 
muscles are concerned each time the eye makes any motion; 
the axis around which the eye turns is, therefore, always differ- 
ent from the three which we have just mentioned. 

117. The Law of lixting^ — Supposing the bead to be motion- 
less, the position of the eye is determined for a given point of 
fixation. This. is far from being evident a priori, for the eye 
could still perform rotations around the visual line. Each time 
that the look returns to the same point, no matter in what 



(1; [This statement is only approximately true, as according to the careful 
measurements of Volkmann, each of the six muscles of the eye seem s to rotate 
the latter around Its own axis. See paper hy the translator in the ArchiTOS of 
Ophthalmology, Vol. XXVII, No. 1, 1898: Are our present ideas about the 
mechanism of the eye-movements correct?] — W. 
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way, the eye always reassutnes the same position (Danders), 
li, by fixing a colored ribbon stretched horizontally, we produce 
an after image, and then project the latter on a wall, keeping 
the head motionless, the image assumes a position which is not 
always horizontal, but which is always the same every time that 
the look returns to a given point. This position is determined 
by the law of Listing. 

There exists a certain direction of the visual line in rdation 
to the head, which we call primary direction; the corresponding 
position of the eye is named primary position, and every other 
position (direction) is called secondary. The primary direction 
generally corresponds to the direction which the visual line 
assumes when we look at the horizon, giving to the head the 
position which seems most natural; but it happens quite fre- 
quently, however, that one is, under these circumstances, obliged 
to lower the look slightly, in order to put the eye in the primary 
position. In this case, one is obliged to lean the head slightly 
backwards in order to make the primary direction horizontal. 
We must suppose this direction invariably connected with the 
head, in all the movements of which it partakes. 

According to the law of Listing, the eye may be brought from 
the primary position to any secondary position by a rotation 
around an axis perpendicular to the two successive directions of 
the tAsucU line. This defines for us at the same time the primary 
position. — The axes of Listing are all contained in a plane per- 
pendicular to the primary direction and pass through the center 
of rotation of the eye. This plane is, therefore, as invariably, 
connected with a head. 

To demonstrate the law of Listing, we place ourselves at a 
distance of one or two meters from a wall on which is placed a 
fixation mark A (fig. 177), on a level with the eyes. It is 
necessary to make the position of the head secure. If we do 
not wish to make very exact measurements, a head-rest, like 
that of the ophthalmometer of Javal and Schioets, suffices. If, 
on the contrary, we desire a very great exactness, we use the 
little mouth-board (planchette) of Helmholts, the border of 
which is covered with sealing wax. We squeeze the planchette 
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between the teeth while the sealing wax is still warm, so that 
the latter may receive the imprint of the teeth. We then fix 
the planchette on a stand, so as to be able to turn it to the right 
or to the left or to incline it any number of degrees fixed upon 
(Hering). 

We place on the wall, at A, a rectangular cross so that its 
arms may be horizontal and vertical. The cross ought to con- 
trast boldly with the background, so as to permit us to obtain 
a very pronounced after image by fixing it for a little while. We 
take the planchette between the teeth and, inclining the head 
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(with the planchette) a little forward or backward, or inclining 
it a little to the right or to the left, we find a position such that 
on moving the look along the prolongation of each of the arms 
of the cross, the after image of this arm glides all the time on 
itself (fig. 177). Wte then observe that there exists only one 
position of the head for which this is possible; for every other 
position of the head the after image of the cross turns around 
during the displacement of the look. When we have found this 
position of the head, we fix the planchette, so as to be able to 
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again find the position every time that we take the planchette 
between the teeth. Then, when we fix the point A, the eye 
is in the primary position. Suppose, indeed, that we fix a second 
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point B, situated on a prolongation of the horizontal arm : since 
the meridian which was horizontal when fixing A, is also hori- 
zontal when fixing B, it is clear that the look may be brought 
from A to B by a motion around a vertical axis, that is to say, 
around an axis perpendicular to the two directions of the visual 
line. It is the same for displacement in the vertical direction. 
In order to demonstrate that this is also the case for the oblique 
displacements, we tilt the cross (fig. 178). It is then easy to 
prove that the after image of one of the arms of the cross 
glides all the time on its prolongation, when the look follows 
this prolongation, and that, consequently, the eye turns around 
an axis perpendicular to this meridian. The law of Listing is 
thus verified. 

If, in these experiments, the look does not follow the pro- 
longation of one of the arms of the cross, we observe phe- 
nomena which might seem in contradiction with the law of 
Listing. Thus fixing the point C (fig. 177) we observe that 
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the after image of the vertical arm of the cross is no longer 
vertical; it has undergone a rotation, and the ui^r extremity 
is carried to the right. A little reflection shows that this is 
simply a consequence of the law of Listing, and that the mer- 
idian which was vertical when fixing A; cannot remain vertical 
when the eye turns around an axis perpendicular to the direction 
AC. Bonders, who first described this phenomena, attributed 
it to a rotary movement (Raddrehung) of the eye, that is to 




Fig. 179. 

say, a rotation around the visual line, but it is clear that such 
a rotation cannot take place since the axis of Listing is per- 
pendicular to the visual line. — ^The horizontal arm of the cross 
seems to have suffered a rotation in a contrary direction, but 
this IS merely the result of the projection of the after image 
on a plane which is not perpendicular to the visual line, (i) If 
we project the image on the concave surface of a hollow hemi- 



(1) [How much these after images ought to be inclined towards the horitontal 
and vertical lines of the wall has been explained by the translator in a paper 
entitled "The Law of LisUng and Some Disputed Points about Its Proof," ArchlTes 
of Ophthalmology, Vol. XXVin, March, 1899. The relation between these angles 
and the angles of Helmholts is elucidated in a paper by Dr. O. Hay in the 
Journal of the Boston Society of Medical Sciences, in Oct., 1899, and in a paper 
by Frofe9»or L. Hertnann, in Pflttger's ArchiT. der Physiologie, Nov., 1899.] — W. 
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sphere, in the center of which is the eye, the cross remains 
rectangular and seems to have suffered a complete rotation to 
the right (fig. 179). — In these experiments, the position of the 
two eyes is exactly the same: we can cover sometimes one 
eye, sometimes the other, and the position of the after image 
does not change. 

It must be noted that the eye tnay be transferred from the 
primary position to a secondary position, by rotating around 
the axis of Listing. I do not say that it really makes this move- 
ment, for the law of Listing defines solely the position of the 
eye in the state of repose. — ^We know nothing, or almost nothing, 
of the manner in which the eye makes its movements. There 
is no reason to assert that it turns around the axes of Listing, 
nor even to suppose that the look always follows the same way 
to go from one point to another. The best method of studying 
this question would probably be to bring the look quickly from 
one point to another, leaving the eye exposed to a pretty intense 
light. The after image of the luminous source then assumes 
the form of a line which permits some conclusion as to the 
nature of the movement. 

What we have said suffices to determine any position of the 
eye. If the look passes from one secondary direction to another, 
the position of the eye is nevertheless determined by the law 
of Listing, since, having reached its new secondary position, it 
must have the same position as if it had reached there, starting 
from the primary position. Note that the look cannot be brought 
from one secondary position to another by turning around an 
axis perpendicular to the two directions in the visual line. For, 
if the look .goes from B to C (fig. 177), following the prolonga- 
tions of the vertical arm, we observe that the after image of 
this arm starts from the prolongation and rotates more and 
more so as to attain the position which it should have when the 
look will have arrived at C. In making this movement of the 
look, the eye does not rotate, therefore, around an axis perpen- 
dicular to the visual line, and we can in this case speak of a 
true rotary movement. If we displace the look so that the after 
image moves always on itself, the point of fixation describes a 
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curve the convexity of which is turned towards the point A. It 
is the same for the horizontal arm: if we bring the look from 
C to E, so that its after image moves on itself, we obtain a 
curve with its convexity downwards. The following illusion, 
described by Helmholtz, results from this fact. 

If, after having fixed the point A in the primary position, we 
raise the eyes and survey quickly with the look a horizontal 
straight line situated higher up, it appears concave towards the 
floor (compare page 261). This is due to the fact that oblique 
directions of the look are very rare. Generally, we take care 
when we desire to look at any object, to turn the head in such 
a way that the eyes are nearly in their primary position, and 
that the horizontal lines are drawn on the retinal horizon (the 
meridian of the retina which is horizontal in the primary posi- 
tion: in the experiment fig. 177, the retinal horizon is marked 
by the after image of the horizontal arm of the cross). On ac- 
count of this custom we have a tendency to consider the direc- 
tion of the retinal horizon as horizontal, even when it is not. 
Looking upwards and to the left, the retinal horizon inclines 
its right extremity downwards, and, if we consider this direc- 
tion as horizontal, it follows that the straight line which we ob- 
serve must appear inclined to the left; when the look reaches 
the other extremity, this latter will seem inclined to the right; 
thus it is that the line assumes its curved aspect, but we must 
survey it quickly, otherwise it seems rather to lean sometimes 
to the right, sometimes to the left. 

Another Method of Demonstrating the Law of Listing. 
— As the retinal horizon passes through the papilla, we can use 
the position of the spot of Mariotte to account for its direction. 
Fick drew, on a cardboard movable around a point O, a black 
spot just large enough to disappear in the spot of Mariotte, when 
he fixed the point O in the primary position. Turning the head 
to the right or to the left and inclining it at the same time, while 
he continued to fix the point O, the spot reappeared and he then 
measured how much it was necessary to turn the cardboard to 
make it disappear again. — Proceeding thus, we find, as by the 
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preceding method, that the eyes follow pretty exactly the law 
of Listing, at least while the visual lines remain parallel. 

118. EzperimentB of Heiasner. — ^A.ppareiitl7 vertical meridian. 
— ^There exists another method which has been described by 
Meissner, and which enables us to verify the law of Listing in 
a very exact manner. But before explaining this method, I 
must mention a singular phenomenon which we meet when we 
wish to judge whether a line is vertical or not. 

We hold a plumb-line in front of a wall painted uniformly 
and we fix a point situated a little in front of this line ( i ) : 
we then see the latter in double homon3rmous images, and we 
would expect to see two vertical and parallel lines ; but the two 
lines seem to converge upwards: seen with the right eye, the 
upper extremity of the line seems to lean to the left. If we 
fix a point situated behind the line, the images are crossed and 
seem to converge downwards. A vertical line seen with one 
eye only does not, therefore, appear vertical, but its upper ex- 
tremity seems to lean to the left or to the right, according as it 
IS the right eye or the left eye which looks at it. — Looking at 
a rectangular cross, one of the arms of which is horizontal and 
the other vertical, the two angles, the upper right and lower 
left, will appear, for the right eye, larger than the other two, 
while the contrary takes place for the left eye. 

Since, for the right eye, a vertical line appears to lean to the 
left, there must exist a line leaning to the right, which seems 
vertical. We can determine the direction of this line by ob- 
serving a white disc movable around its center and on which 
we draw one diameter. Along the border is a scale graduated 
in degrees, the zero of which corresponds to the vertical line, 
and which must be placed so as not to be visible. The observer 
tries to turn the disc so as to place the diameter vertically. With 
the right eye he places nearly always the upper extremity some 
degrees too far to the right, with the left eye some degrees too 



(1) We must not place ourselves too near the line. In order that the influence 
of oouTergence, of which I shall speak immediately, may not interfere. 
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far to the left For the horizontal meridian, the i^ienomenon is 
less proDotmoed. — ^It is necessary to arrai^ the experiment in 
such a manner that the observer cannot be guided by the view 
of the surrounding objects. 

Another method of determining the angle between the ap- 
parently vertical meridians of the two eyes has been described 
by Volkmann (fig. i8o). He placed t¥ro small revolving discs 
on a vertical wall so that the distance separating their centers 
would be equal to the distance between the eyes. On each disc 
was shown one radius. He observed the discs as with the 
stereoscope, the right eye fixing the disc on the right, the 





Fig. 180.— Diaes of Volkmann. 

» 

left eye that on the left. He placed one of the radii vertically, 
and then tried to place the other so that the two radii would 
appear to form a single straight line ; it was necessary that they 
should form an angle of about two degrees. — ^Among the stereo- 
scopic tests which are given in Javal^s manual on strabismus, 
several show small discs like those of Volkmann, on which the 
two radii are exactly parallel. On overlapping the two discs 
they form only one, but the diameter appears broken; the two 
radii seem to form an obtuse angle. If we present to the right 
eye the figure which was intended for the left eye, the angle 
seems turned in the opposite direction. 

It is probable that these phenomena are due to the more im- 
portant part played by the downward look in everyday life: we 
look downwards when reading, and when walking the look 
most frequently follows the ground, etc. By repeating the ex- 
periment of Meissner, we will find that the two images appear 
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parallel if we bring the lower extremity of the plumb-line to- 
wards the observer, tmtil, in relation to the line of the look, 
it has almost the inclination which a hook has when we hold it 
in the ordinary position of reading. If we draw a straight line 
on a sheet of paper placed on a table so that this line is in 
the median plane of the observer, we see, on placing ourselves 
in the position which we ordinarily assume in order to read or 
write, making the visual lines parallel, that the two images of 
the line appear parallel. Glancing at figure i8i, in which the 
eyes are shown projected on the table, it is easy to see that the 

extremity A of the line which is nearest 
the observer forms its image on more 
peripheral parts of the retina than the 
extremity B. The two meridians of the 
retinae which receive the images, con- 
verge therefore downwards, since the ex- 
tremity A forms its image higher and 
more towards the periphery than the ex- 
tremity B. We have formed our judg- 
ment according to this experiment, and 
when, under other circumstances, a line 
comes to form its image upon this mer- 
idian, we consider it as situated in the 
median plane. According to Javal, the 
experiments establishing binocular vision 
in persons affected with strabismus, con- 
firm absolutely the preceding explanations. 

One can understand how these methods may be used, if not 
to directly verify the law of Listing, at least to compare the 
position of the two eyes. Working in the primary position, and 
with the two visual lines parallel, Volkmann found that it was 
necessary to give to the radii of his discs directions converging 
about two degrees downwards, in order that they would appear 
to form an unbroken line. Leaving the visual lines parallel, he 
found the same angle for all secondary directions, and the law 
of Listing was thus verified. It is otherwise when we converge. 
After having placed the eyes in the primary position, Volkmann 
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converged for a point situated at 30 cm. in the same horizontal 
plane. Since, under these circumstances, the eyes pass from 
the primary position to an internal position, the law of Listing 
would have demanded that the directi(xis of the two radii would 
continue to form an angle of two degrees ; but Volkmann found 
that it was necessary to increase their inclination to four de- 
grees, in order that the resulting line would be seen unbroken. 
Converging, each eye had, therefore, made a rotary movement 
of one degree, which it would not have made by taking the 
same position, if the visual lines were parallel. The eyes do 
not, therefore, follow exactly the law of Listing when the visual 
lines are not parallel. 

The following experiment is very easy to perform. We place 
two candles one meter from each other, and we observe them 
at one or two meters distance, taking care to put the eye nearly 
in the primary position. We then try to converge as if to fuse 
the two candles. We will then observe that they appear slightly 
inclined towards each other; the nearer to each other we bring 
the candles, the greater the inclination; the angle between the 
two candles may reach 15° or more. The image of the left eye 
is inclined, the upper extremity to the right and vice versa, 
Hering, and later Landolt, have made exact measurements of 
these deviations from the law of Listing, 

119. Historical. — The question of knowing whether the eye 
performs rotary movements around the visual line has been 
much disputed. Hueck thought that he observed that the eye 
undergoes a rotation in a reverse direction when the head is 
leant towards the shoulder so that the meridian of the retina, 
which is vertical in the ordinary circumstances of life, remains 
vertical. He attributed this rotation to the contraction of the 
oblique muscles, and his ideas were shared by all scientists until 
Ruete demonstrated the error of Hueck by means of the ex- 
amination with the after images, and gave a correct explana- 
tion of the action of the oblique muscles. Bonders took up 
the question, and enunciated a law which bears his name, 
according to which the position of the after image is always 
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the same for the same direction of the eye; but the question 
was stated clearly only by the enunciation of the law of Listing, 
which is found for the first time in the treatise of Ruete of 
1853. Listing did not publish it himself. Meissner was the first 
who verified this law by experiments. 

After the experiments of Ruete and Bonders everybody sup- 
posed the rotary movements of Hueck did not exist, when Javal 
demonstrated that the eye performs, nevertheless, a very slight 
rotation in this direction. He had observed, indeed, that when 
he leant his head to the right or to the left the direction of 
the axis of his cylindrical glasses no longer coincided with that 
of his astigmatism. This is, perhaps, the most exact test to see 
whether glasses are properly placed. Helmholtz verified the 
fact by placing on a level with his eyes a small colored band' 
on a frame fixed on his planchette. By leaning the head with 
the planchette, the secondary image turned a little in the op- 
posite direction, so as no longer to coincide with the ribbon. 
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CHAPTER XX 

THE OCULAR MOVEMENTS 

120. Jerking MovementB of the Eyes. — It seems as if the eye 
should be kept motionless in order to obtain an impression, at 
least an impression which can be perceived with some distinct- 
ness. If, in a railroad train which is going quite fast, we fix 
a point on the window, the landscape aiq>ears confused, the 
images of its different parts succeeding one another too quickly 
on the retinae to be perceived distinctly. Observing the eyes of 
any one who is looking at the landscape, we see that they move 
by jerks. The eyes of the person observed make alternately a 
rapid movement in the direction of the train to catch the object, 
and a slower movement in the opposite direction to keep the 
image of the object on the fovea. Then they again make a 
rapid movement with the train to catch a new object, and so 
forth. 

The eye cannot fix the same point for even a little while, 
without the formation of after images which annoy the vision, 
and without the phenomenon of Troxler interfering. The eyes 
are, therefore, in perpetual motion which is made by jerks: 
they fix a point, make a movement, fix another point, and so 
forth. While reading, the eyes move also by jerks, four or 
five for each line of an ordinary book. La/mare constructed a 
small instrument, formed by a point which is supported on the 
eye across the upper eyelid, and which is fastened to the ears 
of the observer by rubber tubes. With this instrument each 
movement of the eye causes a sound to be heard. We hear 
four or five slight sounds during the reading of one line, and 
a louder sound when we begin to read a new line. 

121. Eelative Movements of the two Eyes.— The relative move- 
ments of the two eyes are governed by the necessity of seeing 

the object single. It is necessary for this purpose that an image 

360 
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of the object fixed be formed on each fovea. When, after hav- 
ing looked at an object at a certain distance, we look at another 
situated at the same distance, the two eyes make associated move- 
ments: both turn to the right, or both to the left, upwards or 
downwards, etc., and one as much as the other. If the objects 
are both in the median plane, but at different distances, it is 
necessary, in order to bring the look from the more distant 
to the nearer, that the eyes make a movement of convergence: 
both turn inwards to the same extent ; finally, if the two objects 
are in different directions, the second nearer than the first, the 
eyes perform a combination of an associated movement and a 
movement of convergence. — If the second object is situated 
farther away than the first, the eyes make a movement of 
divergence (negative convergence). 

It is impossible to cause a movement to be made with one 
eye without the other moving also, or at least without its having 
a tendency to move. Al very simple experiment would seem to 
indicate the contrary. Suppose that the two eyes fix a point a, 
and that we place in the visual line of the right eye an object b. 
If we ask the observed person to fix by the left eye is directed 
towards this point, while the right eye remains motionless. But, 
if we observe closely, we shall see that this eye makes really 
two slight changes of position, for instead of receiving no in- 
nervation, as one would think, its muscles receive two, one which 
would cause it to make an associated movement (to the right), 
and another which would cause it to make a movement of con- 
vergence (to the left) ; the results of these two innervations 
neutralize so that the eye remains motionless. It was Hering 
who described this experiment, which is of great importance for 
the understanding of the relation between the movements of 
the two eyes. 

The two kinds of movements of which we have spoken are 
the only ones which the eyes have usually to make in the in- 
terest of fusion, and they are the only ones which they can make. 
It is possible, however, to make them diverge a little. — ^I mean 
absolute divergence and not relative divergence, which is only 
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a less d^ree of convergence. — ^We can make this 
necessary for fusion by placing before one eye a prism with its 
apex turned outwards; but the angle of the prism which the 
eyes can thus overcome does not much exceed fixed degrees. We 
are unable to raise the look of one eye while leaving the other 
motionless; but by [dacing before one eye a very weak prism, 
apex upwards, this eye deviates a little, however, in the interest 
of fusion. The prism which we may thus overcome generally 
does not exceed two or three degrees. 

These peculiarities of the ocular movements are evidently not 
due to the muscular apparatus. There is, indeed, nothing to 
prevent the right eye from making a movement to the .right, but 
it cannot make it while the left eye makes a movement to the 
left. If we cannot perform two movements at once, this is 
due to the fact that we cannot give the necessary innervation 
for this movement. And we cannot give this innervation be- 
cause we are not accustomed to give it, since, far from being 
useful, it would be harmful, on account of the diplopia to which 
it would necessarily give rise. — ^The impulse which guides the 
ocular movements is, up to a certain point, analogous to that 
which makes us keep our eyes open and the head erect, with 
this difference, however, that the innervation which guides the 
movement of the eyes is much more rigorous ; we can lower the 
head or close the eyes if we desire to do so, but we cannot put 
the eyes in divergence. The innervation in question disappears 
during sleep. When struggling against sleep, we observe di- 
plopia, and the two images affect relative positions which they 
never have in a state of wakefulness. The homonymous images 
whch we obtain by squinting voluntarily are always parallel, if 
I except the phenomena mentioned in the preceding chapter, 
and they are at the same height (if the head be kept erect). The 
images which we obtain when sleep comes upon us have, on 
the contrary, wholly irregular positions : sometimes one is higher 
than the other, sometimes they undeigo rotations, etc. At the 
same time the eyelids have a tendency to close and the head 
to fall. 
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122. Measuxement of Conyergenoe. — This measurement is made 
preferably with the rotary prism of Cretis, As we know, this 
instrument is composed of two superimposed prisms of the same 
strength. A special mechanism allows them to be turned in 
opposite directions. When the apices have the same direction, 
the effect is double that of each of the prisms. If we cause 
them to rotate the deviation always takes place in the same 
direction, but it gradually diminishes and disappears when the 
apices are directed in different directions. The instnunent re- 
places, therefore, a whole series of prisms of different strength. 

We place the prism with the apex outwards while the patient 
looks at a distant flame, and we increase the strength of the 
prism until the subject sees two images of the flame. We thus 
find abduction; for healthy eyes, it is five to seven degrees of 
prism. We then turn the prism apex inwards and increase its 
strength until diplopia is produced. Adduction is much stronger 
than abduction; it may reach 20 or 30 degrees of prism, or 
more. We can also measure adduction and abduction for a 
nearer point. Adduction often exceeds the maximum value of 
the prism of CrStis, and on the other hand, it quite frequently 
happens that it is greater than we find it at that moment, be- 
cause the observed person does not do his best to fuse the images. 
It would also be better to measure the adduction simply by try- 
ing how near we could approach an object without its appearing 
double (ophthalmodynamometer of Landolt). — ^We sometimes 
meet rare cases of defect of convergence, where the adduction 
is greatly diminished, while the abduction is normal. — In other 
cases both are diminished : the patient can fuse well two images 
which are formed on the two maculae, but he experiences no 
need of fusion; even when the double images are very near 
each other, the eyes do not make the slight motion necessary to 
fuse them. 

We have seen (page 13) that the deviation produced by a 
prism corresponds nearly to half its angle. If we can overcome 
a prism of six degrees, apex outwards, it is equivalent to saying 
that we can make the visual line diverge three degrees. This 
manner of indicating the degree of deviation is the simplest, and 
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that which is most frequently used It has been attempted to 
introduce another notation first described by Javal, and after- 
wards adopted by NagH. This author names meter angle the 

deviation which one of the visual lines un- 
dergoes when, after having fixed a point 
at infinity, we lode at a point situated at 
one meter distance on the visual line of the 
other eye. en (fig. 182) is, therefore, a 
meter angle, if A is situated at a distance 
of one meter; two meter angles, if A is 
at 50 centimeters, and so forth. The sjrs- 
tem was invented to measure the convexg- 
ence in a manner analogous to the measure- 
ment in dioptries which we use for refrac- 
tion (accommodation). The meter angle 
0/^^ corresponds to about three degrees and a 
\\) half. — ^This system seems to oflfer scarcely 
Fiff. 182. ^^y ^<lvantages, and it has this quite serious 

disadvantage, that the value of a meter 
angle is not the same for different persons. It varies with the 
base line. 

We call by this name the distance between the centers of 
rotation of the two eyes ; it varies between 66 mm. and 58 mm., 
or still less. We can measure it by sighting a distant object, a 
lightning rod for example, along the surface of a planchette 
held horizontally. We close one eye and fix a needle in the 
planchette, so that it may appear to coincide with the lightning 
rod. The needle must not be placed too near the eye in order 
that its images may not be too diffuse. Then we repeat the 
experiment with the other eye without displacing the head; 
opening the two eyes, we should see the two needles blended 
into one, which coincides with the lightning rod. The distance 
between the needles is equal to the base line. — ^We find also 
very great variations, especially if we examine children, whose 
base line is manifestly very short. 

Now it is clear that the deviation which the eye must undergo, 
in order to pass from infinity to one meter distance, is so much 
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more considerable in proportion as the base line is greater. — ^A 
meter angle corresponds to 3^4</ for a person who has a base 
line of 64 mm., to 3^20^ if the base line is 58 mm. To do well, 
therefore, it would be necessary each time we measure the con- 
vergence in meter angles, to tell also the length' of the base line. 

Prentice proposed to number prisms according to the linear 
deviation which they produce at a given distance, observing that 
at a distance of one meter the deviation produced by a prism of 
one degree is about one centimeter. 

123. Belations between Acoommodation and Convergence. — 
In the interest of single and distinct vision, it is necessary that 
there be formed on each fovea a distinct image of the object 
fixed. In order that the images be formed on the two foveas, 
it is necessary that the individual make bis eyes converge to- 
wards the observed object, and in order that the images be 
distinct, it is necessary that each accommodate exactly for the 
object. There is thus formed a relation between acconunodation 
and convergence, so that we cannot easily converge towards an 
object without also accommodating for this object. The rule, 
however, is not absolute; we can, if it is necessary for distinct- 
ness of vision, change within certain limits the d^^ee of accom- 
modation without changing the degree of convergence. This 
play of the accommodation, which is possible while the converg- 
ence remains the same, has the name relative amplitude of ac- 
commodation (Danders). We can measure this amplitude by 
placing convex and concave glasses before the eyes until the 
object appears double or diffuse. 

Bibliography. — Javal (E.). In de Weeker. TraiiS de$ maladiei des 
yeux, Paris, 1866. — ^Donders. AnomalieB of the Befraetion of the Eye. 
London, 1864. — ^Nagel (A.). Ueher die BeBiehungen diopirUcher Werihe 
und der Betrdge eymmetrischer Convergenehewegnngen naeh metriachen 
Einheiten. MiitheUungen aiM der ophtalmiairiaohen KUnik in Tiihingen. 
Tubingen, 1880. Lamare. Lea mouvemenia dea yeux dana la leoiwre. BuU. 
de la Soe. ft. d'opht. 1882, p. 354. — Prentice (Ch. F.). Ein metriaehea 
Syatem eur Beaeiohnung u. BeaiifMnung v. Priamen. Archiv. f. AugenheiUe. 
XXII, p. 215. 



CHAPTER XXI 

THE PROJECnON OF VISUAL IMPRESSIONS 

IM. Projeetioa Ontwirds in Vaioenlir Yiiioii. — In order to be 
able to form a correct idea of the position of an exterior ob- 
ject, it is necessar}- to be informed as to the direction and dis- 
tance of this object. Judgment of the direction is formed as 
welK or better, with a single eye; the superiority of binocular 
vision is apparent in the judgment of distance, but at the same 
time, in the matter of direction, it causes certain illusions from 
which persons blind of one eye are exempt. We shall first 
discuss the vision of these latter. 

General Law of Projection. — An impression of any point 
of the retina is projected outwards into the visual field, follow- 
ing the linf of direction; that is to say, following a straight line 
passing through the retinal point and the nodal point of the 
eye. We have seen that inversely, an exterior point for which 
the eye is focused forms its image at the point of intersection 
of the line of direction with the retina. As long as there is 
question only of objects seen distinctly, the law of projection is 
equivalent to saying that we see exterior objects in the direction 
in which they really are. The law of projection does not apply 
merely to the ordinary phenomena of vision: all the retinal im- 
pressions, the phosphenes, after images, entoptic phenomena, 
circles of diffusion, etc., are projected according to this law, 
which is entirely general. As exceptions we can cite only the 
deformities of objects seen indirectly, w*hich seem to show that 
the law is not followed verj- exactly for very peripheral parts 
of the retina, and perhaps for some of the illusions which I 
shall mention later. 

126. Projection of the Viinal Field. — The law which we have 
just announced regulates the manner in which we localize ob- 
jects in the visual field, but it does not regulate the projection 
of the visual field in its entirety. The latter depends on the 
manner in which we judge tRe position of the eye, or rather the 
direction of the visual line. If in uniocular vision, we judge cor- 
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rectly the direction of the visual line, the entire visual field is 
projected in a correct manner. We shall, therefore, proceed 
to discuss the means by which we form this judgment. 

Supposing that we fix a point A, and that we desire to fix 
another point B. As long as we fix Al, B is seen in indirect 
vision, and the distance between the images enables us to judge 
of the degree of innervation necessary to bring the look towards 
B; generally this judgment is quite exact so that we bring the 
look towards B almost without hesitation. From innervation re- 
sults the contraction of the muscles, the change of position of 
the eye and the change of the retinal image until B forms its 
image on the fovea. — One might think that the sensation of the 
more or less considerable contraction of the muscles, the gliding 
of the eye between the lids, etc., could furnish us with informa- 
tion on the direction of the visual line, but this is not so; we 
judge this direction solely by the degree of innervation which 
we have used to bring the look into this direction. This fact is 
well established by the observation of patients affected with 
ocular paralysis. If, for example, we tell a patient affected with 
paralysis of the right external rectus to close his left eye and 
look to the right, he furnishes the innervation necessary; the 
eye remains motionless on account of the paralysis, but the pa- 
tient thinks he has moved it to the right, so that there results 
a false projection ; if we tell the patient to move his finger rapidly 
towards an object situated to the right, not having time to guide 
himself by the sight of the finger, he constantly moves it too far 
to the right. A healthy person can make the experiment by 
looking to one side, while he exerts a traction in the opposite 
direction on a fold of the skin, near the external canthus. The 
traction is communicated by the conjunctiva to the globe, and 
on account of the resistance which it exerts, one is obliged to 
use a stronger innervation to bring the look to the opposite side ; 
we conclude from this that the look is carried farther in this 
direction than it really is, which causes projection of the visual 
field in a false manner. 

Judgment of the degree of innervation used is very exact, 
because it is always corrected by the result obtained, as the f ol- 
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lowing experiment shows. One looks directly in front after bar- 
ing put a prism of ten degrees, apex to the left, before each 
eye. Seen through the prisms, an object situated at ten de- 
grees to the right, appears five degrees from the visual line, and 
we need only an innervation corresponding to five d^rees to 
fix it ; we think, therefore, that it is situated at five dq^rees to 
the right, and, if we wish to grasp it, we do not bring the hand 
far enough to the right. But it suffices to repeat the experi- 
ment only a few times in order to be no longer deceived: we 
learn very quickly to reckon with prisms. If then we repeat 
the experiment after having removed them, we bring the hand 
too far to the right. 

When we judge correctly the direction of the visual line there 
is in monocular vision no possible illusion as to the direction 
in which objects are. In mathematics we often determine the 
position of a point by means of what are called polar coordi- 
nates. Being given a fixed point, named center of coSrdmaies, 
the position of any other point is determined by the direction 
and length of the radius vector, that is to say, of the line which 
joins the two points. In uniocular vision, the center of co- 
ordinates is represented by the eye, or, more exactly, by its 
nodal point; the law of projection gives the direction of the 
radius vector. To know the exact position of the exterior point, 
there is wanting, therefore, only the length of the radius vector, 
but this the eye does not give, at least not in a direct manner. 

It is easy, indeed, to convince oneself that while the eye in- 
forms us very exactly on the direction in which the light comes, 
it gives us no information as to the distance whence it comes. 
The information which the greater or less degree of accom- 
modation used could furnish is too indefinite. — ^In the tenth 
chapter I laid stress on the importance which the study of the 
form under which a distant luminous point is seen may have 
in the matter of exact knowledge on the optics of the eye. One 
might think that one can replace the distant luminous point by 
a near luminous point placed at the focus of a strong lens. If 
the eye would inform us on the distance whence the light comes 
10 it, the result of the two experiments ought to be the same. 
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since the rays reaching the eye are parallel in both cases. But 
this is not so. Other information tells us, in fact, that, in the 
latter case, the luminous point is very near, which makes us 
see the figure of diffusion extremely small, and makes this 
form of experiment not to be recommended. — ^We know also 
that the after images appear to us large or small, according as 
we project them on a distant or near surface, which shows 
clearly that the eye does not accord to them a real distance. If 
we do not present to them a surface on which they can be pro- 
jected, for example by closing the eyes, they generally seem to 
have the same apparent size as the object of which they are 
the image; we accord to them the distance of this object, a 
distance which is not told by a direct sensation, but which we 
judge by an unconscious reasoning, as we shall see in the follow- 
ing chapter. 

126. Projection in Binoonlar Virion. — The impressions of the 
twc maculcB are projected towards th^ same place. When the 
eyes perform their functions correctly, both of them always fix 
the same object, so that under these circumstances the fact 
stated is not surprising. But it is the same when they do not 
fix the same object, as is evident among others from stereoscopic 
experiments. The following experiment seems to me to demon- 
strate this fact in a very striking manner, but it is' necessary 
to be able to squint in order to repeat it. It is quite easy to 
learn to squint inwards; in order to squint outwards we take 
bold of a fold of the skin near the outer canthus of one eye, 
while we look towards the opposite side. — ^To perform the ex- 
periment, we close one eye and look at the flame with the other, 
so as to produce an after image. We then open the closed eye 
and select a point which we fix with this eye while we are en- 
deavoring to squint. We then see the after image place itself 
on the point of fixation, although the visual line of the eye to 
which it belongs is not at all directed towards this point. We 
can squint more or less considerably, placing the visual line in 
divergence or in convergence: as long as the other eye fixes 
the point of fixation, the after image is located there also. 
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Physiologic Binocular Diplopia. — ^I^t A, figure 183, be 
an object which both eyes fix, B another nearer object. If we 
close the right eye, the point B is seen five degrees to the right 
of Al; if we close the left eye, it is seen five d^^ees to the left 
of A. Opening both eyes, A is seen single at the place where it 
really is; we see two images of B, one five degrees to the left, 
the other five degrees to the right of A. — ^Wfe therefore see B 
ill double crossed images; if we fix B, A is presented in doubis 
homonymous images. — We can perform the experiment with 
two candles, and, if necessary, we can make the diplopia more 
striking by placing a red glass in front of one eye. 

This singular phenomenon, which had already been described 
by Alhazen, is known as physiologic binocular diplopia. 

Center of Projections. — We observe that the correct in- 
formation which the eyes furnish to us gives rise to a false 
interpretation, for it is evident that, when an object is seen 
double, there is at least one of the images which does not coin- 
cide with the object. When 
*^* iPf we close one eye, the corre- 

sponding image disappears, 
while the other image does 
not change position. The 
false judgment must, there- 
fore, persist also in this case, 
at least for one of the eyes. 
The sight of normal persons 
does not, therefore, necessar- 
ily become similar to that of 
a one-eyed person. 

The physiologic diplopia is 
due to the fact that we do not 
take into consideration the 
different position of the two 
eyes ; without a special exam- 
ination we cannot tell whether 
an image belongs to one eye 
or the other. We refer every 
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visual impression, from whatever eye it may come, to a common 
and single center, which, in my case, coincides pretty exactly 
with the right eye. Recalling the mathematical terms which we 
have used in the preceding chapter, we may say that it is the 
center of the co-ordinates the position of which we judge im- 
perfectly. If we took into account the different position of the 
two eyes, we would have two centers of co-ordinates, and the 
idea of the direction of the object would suffice to fully deter- 
mine its position. In the experiment (fig. 183) we would thus 
reason as follows: Since we see with the right eye an object 
five degrees to the left of A, with the left eye the same ob- 
ject five degrees to the right of A, the object must be in the 
middle plane and nearer than A; we would therefore see B 
single and in its right place. Instead of this we refer the im- 
pressions, as in uniocular vision^ to a single center^ and we 
inform ourselves that the object must be double, since it is seen 
at once to the right and the left. 

Directing Eye. (i) — In my case this center of coordinates 
coincides almost exactly with the right eye, probably because, 
having used it so much separately, I have acquired the faculty 
of judging exactly with this eye the position of exterior ob- 
jects, or, in other words, because there is developed a kind of 
uniocular vision in addition to binocular vision. I must add, 
however, that this condition was not developed as a result of 
my labors on physiologic optics, because the phenomena were 
the same when, twelve years ago, I began to devote my atten- 
tion to this subject. According to Hering the center is often 
at an equal distance between the two eyes, and this would, in 
fact, be the true type of binocular vision, in which neither of 
the eyes plays a dominant part. — The reasons why I say that 
in my case the center of projections coincides with the right 
eye, are as follows : 



(1) According to a communication from Javal, the binocular ylaion of TtUUe 
was like mine. He deecrlbed this condition as general (in a communication to 
the Academy of Sciences, about 1830), and gave the name directing eye to the 
eye which controls projection outwards. H. Kaiaer has also described the same 
condiiton for his eyes. 
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1° When on looking at a distant object I see a near object 
in double crossed images, and when I try to touch this object 
by a quick motion, I grasp it correctly if I sight the image with 
the right eye, while I bring the hand far from the object if I 
sight the image with the left eye. It is the same if I close one 
eye. With the right eye I judge accurately the position of ob- 
jects seen indirectly, as a one-eyed person would do; with the 
left eye I judge falsely. Thus, in the experiment figure 183, 
closing the right eye, I see B five degrees to the right of A, as 
I ought to, but I refer the impression to my right eye, and, 
thinking that the object B is five degrees to the right of the 
visual line of my right eye, in order to reach it I bring my hand 
toward Bj. — ^I have also noticed, especially when I observe the 
double images of near objects, accidentally and without trying 
to, that one of them, that of the right eye, presents a more 
material appearance, while the other rather resembles a kind 
of shadow; Dr. Knapp, Jr,, made the same remaric to me. It 
must be noted that my eyes are practically equal, as to acuity 
and refraction. 

21° I fix a mark P (fig. 184), not too bright, placed on a 
dark and uniform background. Interposing a stick between my 
eyes and the background, on the visual line of the right eye, I 
see it in double images; the image of the right eye (rf) coin- 
cides with the mark of fixation, while the image of the left 
eye is seen more to the right {g) (fig. 184 Ai). If now I fix 
the stick, it is the image g of the left eye which is brought to- 
wards that of the right eye, d, in order to coincide with it, while 
the latter remains motionless. One might think that this is due 
to the fact that I placed the stick on the visual line of the right 
eye, but this is not so ; if I place the stick on the visual line of 
the left eye (fig. 184, B) so that the image of the right eye d 
is seen to the left, it is still the latter which remains motionless, 
while that of the left eye makes a great movement to join itself 
10 it when I fix the stick. — ^This apparent movement exists also 
when I close the right eye, although, under these circumstances, 
the left eye does not make any movement. Under this latter 
form the experiment was described by Hering. 
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3° This author furthermore described the following experi- 
ment: we fix binocularly an object placed at some distance in 
the median plane, and we try, by a quick movement, to place a 
stick quite near the face in the direction in which we see the 
object ; it is better to conceal the movement of the hand with a 
screen. Making this experiment, I bring the stick pretty exactly 
on the visual line of the right eye. The experiment is easy to 
repeat even with persons who are not accustomed to study such 





Fig. 184. 



questions, and we can control by placing ourselves in front of 
the observed person and sighting with one eye along the mark 
of fixation and the space between the eye-brows (glabella) of 
the observed person. I have observed several persons in this 
way. Most of them show a marked tendency to prefer one 
or other eye, which seems to indicate a tendency to a develop- 
ment of a uniocular vision in addition to the binocular vision 
like that which I have described for my eyes. Persons en- 
joying pure binocular vision must place the stick in the median 
plane; as the center of projection does not coincide with either 
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of the eyes, these people cannot project correctly objects seen 
indirectly. This type of vision, therefore, seems inferior to 
the other, as far as orientation is concerned. 

Horopter. — ^AU the points outside the point fixed are not seen 
double; the point C (fig. 183), for example, is seen ten degrees 
to the right of A, as well with the right eye as with the left 




Fig. 185. — Horopter of Johannes Muller. 

eye; it is therefore seen single. — The entirety of the points seen 
single while we fix a given point, is called horof^er. — The study 
of the horopter is quite a complicated mathematical problem, and 
without much interest, since the diplopia is only very slightly- 
indicated when the object is a little distant from the point of 
fixation. It may be solved when we know the position of the 
corresponding points (see the following chapter) and the law 
which regulates the position of the eyes (law of Listing). When 
the point of fixation is in the plane which contains the primary- 
position of the visual lines, we see single all the points which are 
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on a circle passing through the point of fixation and the nodal 
points {horopter of Johannes Muller, fig. 185). It is easy to 
see that on fixing A, B is seen single, because the two angles 
designated by a are equal, since both correspond to the arc AB. 
— If we fix a point on the fioor, situated in the median plane, 
the horopter corresponds almost to the plane of the fioor. 

Suppression of Double Images. — As one sees some exterior 
objects double, and some single, one might think that it would 
result in great confusion. It does not: most people have never 
observed double physiologic images before making the experi- 
ment described above. Under ordinary circumstances the at- 
tention is always brought to bear on the object fixed, and the 
look never remains for any length of time on the same object, 
so that we have not much time to perceive double images. It 
must also be observed that the objects, not fixed, form their 
images on the peripheral parts of the retina, where the percep- 
tion is less distinct than at the macula. It is scarcely possible 
to suppose a serviceable binocular vision if the entire retina had 
an acuity like that of the fovea. But we also make important 
use of the phenomenon known under the name of neutralization 
of images, and which has been given special prominence by the 
works of Jofi/al on the vision of persons affected with strabismus 
(see chapter XXIII). 

In addition to the fact that most of the time an object seems 
to be at two different places, binocular vision gives rise to yet 
another contradiction. Making the experiment with the two 
candles before the screen DE (fig. 183), we have seen that the 
right eye sees the candle B at five degrees to the left of A; in 
this direction the left eye sees a part of the screen; and as we 
do not take intp consideration the different position of the two 
eyes, but refer our impressions to a common center, the result 
is that we seem to see two objects in the same direction. Inter- 
posing a stick between the eyes and a book (controlled reading 
of Javal) we can read without interruption only when both eyes 
are open ; if we close one eye, the stick covers some of the char- 
acters. We here meet the same contradiction; we see the stick 
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in the same direction as the characters which it conceals, and as, 
on the other hand, we know that it is nearer than the book it 
appears transparent. But, in cases in which such an interpreta- 
tion is not possible, for example when we present to both eyes 
wholly different images, in a stereoscope, we observe what is 
called antagonism of the z;isual fields* It is sometimes the im- 
ages of one eye that predominate, sometimes those of the other, 
and as long as we see in a part of the visual field images of one 
eye, those of the other are completely suppressed. 

It seems that this suppression of the images of one eye plays 
a great part in binocular vision, and that it is this which gener- 
ally causes us not to observe double physiologic images. — It is 
not easy to know which of the two images is suppressed, for as 
soon as we pay attention to this question both appear. Gen- 
erally it is the more eccentric image, or, in other cases, the 
image which, on account of the perspective, occupies the smal- 
lest retinal surface {Javal) which disappears. But, in most 
persons, there seems, as I have already stated, to be developed 
a certain superiority of the eye which is most frequently used 
separately, and then it is always the image of the other eye 
which is suppressed. 

Bibliograpliy. — Mailer (Johannes). Beiirage eur vergleiehenden Phygi' 
ologie des Gesichtsnnnes. Leipzig, 1826. — ^Hering (E.). Beitrdge eur Phyti- 
clogie. Leipzig, 1861. — Kaiser (H.). Compendium der physiologisehen 
Opiik. Wiesbaden, 1872, p. 298. 



CHAPTER XXII 

MONOCULAR PERCEPTION OF DEPTH 

127. Inflnenoe of Aooommodation. — I have already said that 
the eye gives us no direct information as to the distance from 
which light comes to it. We might think that the degree of 
accommodation used in order to see the object distinctly would 
inform us as to its distance. When the eye is accommodated 
for distant objects, near objects do not appear distinct, and an 
experienced observer might use this circumstance to judge of 
the distance of an object. Young said that painters must take 
care to show near objects vaguely under penalty of obtaining 
a hard and disagreeable effect. But the importance of accommo- 
dation for the judgment of distances is but small, because, gen- 
erally, we are dealing with such long distances that the difference 
of accommodation is insignificant. For all distances exceeding 
one meter, the variation of accommodation does not reach one 
dioptry. 

128. Indireet Judgment of Diitanoe. — In the absence of direct 
information, a whole series of circumstances enable us to judge 
of the distance of an object, generally by an unconscious judg- 
ment, 

a. The knowledge of the nature of objects often furnishes us 
with a means of knowing their distances. Thus, if we know 
the size of an object, we can judge its distance from its angular 
size. It is the size of man especially which enables us to make 
this judgment. Generally we judge directly of distance. When 
we see a man very far off, he does not appear to us small, be- 
cause we know what size he ought to be^ but we conclude that 
he must be very far away, since the angular size is small, and 
this, without this latter fact directly striking our consciousness. 

This observation is quite characteristic of the manner in which 

877 
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unconscious judgments are formed and it must be noted that 
this way of judging is something to be learned. I recall very 
well that the first time I saw a man climb the mast of a ship, 
he appeared to me like a doll, and Helmholts reports a similar 
observation. — If we look at distant objects through a telescope 
they are enlarged; but as long as we have to do only with ob- 
jects of known size, such as men, houses, etc., they seem to 
preserve their natural size, but appear near. We must open 
the other eye to convince ourselves that they are really en- 
larged. 

b. A means which is often used to judge whether one object 
is nearer than another, is to observe whether it conceals a part 
of the other. If one hill conceak the lower part of another hill 
it must be nearer. 

c. If we are acquainted with the object at which we are look- 
ing, or if there is a certain regularity, we easily come to know 
what part is nearest. On the photograph of a house, we easily 
judge the distance at which the different parts ought to be, 
while photographs of rocks, landscapes, etc., are frequently more 
difficult to interpret. 

d. The shadows thrown are often important for the judgment 
of distance. If a surface is illuminated, the luminous source' 
must be in front of it, and if an object casts a shadow on this 
surface, it must be nearer the observer than the surface. It is 
for this reason that we obtain a much better idea of the reality 
by adding shading to a drawing. 

e. Finally, aerial perspective sometimes influences the idea 
which we form of distance. We comprise under this term the 
darkening and change of color which distant objects undergo on 
account of the incomplete transparency of the layers of air which 
separate them from the observer. The vapors of water which 
are in the atmosphere reflect the blue rays, and allow the red 
rays to pass. Comparing the spectra of a blue sky and a cloudy 
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sky, Lord Rayleigh thus found that the brightness of the latter 
diminishes greatly towards the blue extremity. When the spectra 
had the same brightness in the red, the green of the cloudy sky 
was already less strong than that of the blue sky. It is for this 
reason that the setting sun appears red, and distant mountains 
blue. When there is much water vapor in the atmosphere, we 
see distant objects, such as forests and hills, more distant and 
consequently larger than they really are. In the mountains the 
air is, as a rule, very pure, which causes us to often judge the 
distance and height of the summits much smaller than they really 
are. 

We know that the sun and moon appear larger when they 
are near the horizon, which is merely an illusion. If we measure 
their angular size^ we find it exactly the same in both cases. 
Likewise, if we •try to divide the distance between the zenith 
and the horizon into two equal parts, we are greatly deceived; 




Fig. 186. After Young. — The curve indicates the apparent form of the sky. 
The sun, although seen under the same angle, seems of variable size. 

the lower part is always too small. Since the moon, near the 
horizon, appears larger than near the zenith, although it has the 
same angular size, it is equivalent to saying that we judge it to 
be farther away. The illusion is due to the aerial perspective. 
The moon is seen through a much thicker layer of the terrestial 
atmosphere when it is near the horizon than when it is at the 
zenith. It seems, however, that the comparison with terrestial 
objects also plays a part in this judgment (fig. i86). 

These different means enable us to judge more or less exactly 
of the distance of an object. They are especially useful to us 
when we have to do with long distances, on which the parallax, 
of which I am about to speak, cannot give any information. 
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129. Inflnenoe of the Parallax. — The idea which we obtain 
of the relief, by displacements of the head, is well known to all 
who use the ophthalmoscope. We thus obtain a very distinct 
idea of the depth of an excavation, etc. — ^We often use this 
means, without knowing it, to study an object difficult to inter- 
pret, and it is the principal means by which one-eyed people ac- 
count for the relief. The observer often sees thus, without his 
perceiving that he does so, the relative movements of exterior 
objects, and he uses them to account for their position. If, for 
example, while the eye is displaced from a to fr (fig. 187) the 
observer sees the object A displaced to the right relatively to 
the object B, A must be nearer than B ; to draw this conclusion, 
we need not look during the displacement. If, after having 
observed the objects in the position a, we close the eye to open 
it again only in the position b, we observe, neverthdess, that A 
has changed place relatively to B, which suffices to judge of its 
distance. 

The judgment is here based on the comparison of the succes- 
sive retinal images ; images change for each new position of the 

y^ eye. But, as all comparison by memory 
is defective, we obtain a much more dis- 
tinct idea of the difference between the 
images, and consequently of the relief, 
by comparing the images simultaneously 
X3( r with the two eyes, and it is for this rea- 

' * son that we always judge distances bet- 

ter with two eyes than with one. It is 
easy to convince ourselves that this is 
so by trying to reach a stick placed at 
some distance with the finger coming 
from the side. Looking with one eye 

O^..^ only we are deceived much more fre- 

^ ■■ [ j quently than when we open both eyes. 

^ ^17 When we look with the two eyes, each 

Fig. 187. ^y^ receives a perspective image of the 

objects situated in front of us; as the two eyes are not at the 
same place, there result between the images differences which 
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are the more pronounced the smaller the distance of the object. 
If, on the contrary, we look at a plane image with both eyes, 
the retinal images are identical. This, therefore, is a sign by 
which the appearance of an object of three dimensions is dis- 
tinguished from a plane image. It is only for near objects that 
this difference exists : if the objects are at a great distance, the 
retinal images are alike; thus a landscape presents almost the 
same appearance whether we close one eye or whether we open 
both. 

Bibliography. — (Bwvre$ de Taung, edited by Tseheming, p. 844. 



CHAPTER XXIII 

BINOCULAR PERCEPTION OF DEPTH 

ISO. Influenoe of OonTergeaoe. — The most important informa- 
tion on the distance of an object is furnished us by the degree 
of convergence which it is necessary to use to fix it binocularly. 
Just as for the judgment of the direction of the visual line in 
uniocular vision (see ch. XXI), it is the degree of innervation 
used which guides us, and not at all the sensation of the position 
of the eyes, which is always very vague. It is Solely for differ- 
ences of convergence that we have a very exact sensation; we 
can judge with very great exactness whether one object is 
nearer or farther away than another; the judgment of absolute 
distance is very uncertain. — ^When we fix a distant object, a 
near object appears in double crossed images. Although we may 
not often perceive these images, they give us, nevertheless, a 
vague idea of the distance^ of the object, for they suffice to give 
a pretty accurate impulse to convergence, since, guided by them, 
we converge for the object without much effort. But it is only 
after having accomplished convergence and having seen that 
the innervation given has attained its object, that we have an 
accurate idea of the distance. The difference between the two 
judgments is almost analogous to that which we find when we 
wish to measure the distance between two points. Suppose that 
we wish to measure this distance with a compass, provided with 
a scale graduated in millimeters, telling the distance between 
the two points. We can readily, at first sight, give to the com- 
pass approximately the aperture which is necessary, but we 
obtain a more exact and distinct idea of the distance when we 
make the measurement and see how much must be added to 
or taken away from the estimated distance. 

131. The Stereoscope. — The advantage of binocular vision was 

made clear only by the invention of the stereoscope by Wheat- 

382 
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Stone (1833). With this instrument we obtain an impression 
of depth much superior to that which any other representation 
can give of it. 

Each of the images of the stereoscopic representation is drawn 
in such a way as to form in the eye a retinal image like that 
which the object would form there. Distant objects are, there- 
fore, represented by images which are identical, while the im- 
ages of near objects are different. 

Stereoscopic Parallax. — In order to account for the man- 
ner in which objects are represented on stereoscopic images, we 
may suppose two transparent plates (MM, fig. 188), placed in 




Fig. 188. 

front of the eyes at the place which the stereoscopic image will 
occupy later. From all the exterior points we suppose straight 
lines directed towards the eyes. There start thus from each 
exterior point two of these lines, and the point at which each 
of these straight lines cuts the corresponding plate is the repro- 
duction of the exterior point. If the latter is at infinity the 
two straight lines are parallel, and the distance BB^, between 
the two points, is equal to the base line. If we place the two 
transparent stereoscopic figures one over the other, so that the 
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two reproductions of the same point situated at infinity overlap, 
we can make the reproductions of all the points situated at in- 
finity coincide two by two. — If, on the contrary, the exterior 
point (C, fig. i88) is not at infinity, the distance between the 
two reproductions is less than that of the eyes. We designate 
the difference by the name stereoscopic parallax. The parallax 
of the point C is BD-f.B^D^=E. Designating the distance be- 
tween the two eyes by b, that of the object from the eyes by 
AO=d, and the distance of the plate from the eyes by g, we 
have 

-J — — or JL=s— 2.. 

The parallax increases, therefore, with the distance between 
the two eyes, and it is the greater as the object is nearer the 
observer. 

Methods of Observing the Stereoscopic Images. — a. Mak- 
ing the visual lines parallel, we can without further trouble blend 
the two images into one, which appears in relief. We then see 
three images, the middle one of which gives the relief ; for each 
eye sees not only the image which is intended for it, and which 
is blended with that of the other eye, but also the image which 
is intended for the other eye; we can eliminate the two useless 
images by placing the hand as a partition between the eyes. 
It may be difficult to make the visual lines parallel while accom- 
modating for a quite short distance, but if we succeed in doings 
so, the illusion is as perfect as with the stereoscope. Frequently 
we do not succeed with the ordinary stereoscopic images be- 
cause, being intended for the stereoscope of Brewster, they are 
calculated for too long a base line, which obliges us to make the 
visual lines diverge in order to fuse them. 

We can also look at the images by directing the right eye to- 
wards the image of the left, and we versa, so that the visual 
lines intersect at a point situated in front of the image. It is 
then necessary to place on the left the image intended for the 
right eye, under penalty of seeing the relief reversed, if the sup- 
posed object lends itself to such an interpretation. — The fused 
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image appears diminished and situated in front of the plane of 
the drawing, at the point of intersection of the visual lines. 

b. The stereoscope of fVheatstone, the first which was con- 
structed, is composed of two plane mirrors (bd and bd^), form- 
ing a right angle (fig. 189) ; the eye Oj looks into the mirror 
on the right at the image of the drawing B^ D^, which it sees 
at ff^ ; the eye O sees the image of BD at the same place ; the 
two images are fused into a single one presenting relief. In 
order not to have the relief reversed or pseudoscopic, it is neces- 
sary to present to the left eye the image intended for the right 
eye, since the mirrors reverse the images. 

c. The stereoscope most used is that of Brewster: each eye 
looks through a prism with convex surfaces, the apex of which 
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Fig. 189. — Stereoscope of Wheatstone. 

is turned towards the nose. The glasses produce a certain mag- 
nification, and their prismatic effect renders it unnecessary to 
make the visual lines parallel. 

We can replace the glasses of the stereoscope of Brewster by 
ordinary convex lenses, by decentering them; that is to say, by 
placing them so that the distance between the centers of the two 
glasses is greater than the distance between the eyes. 
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d. When the imsige represenls an object wfaidi is symmetrical 

in relation to the median frfane, die two drawings are sym- 

, metricaL We can, therefore. 





Fig. 190.— Pseodowope of Wliaat- 

stone. 



in this case obtain a 
oscopu: effect by kxddng with 
one eye at an ordinary draw- 
ing, with the other at its im- 
age by reOection, since Ac re- 
flection produces a sym- 
metrical image of it. The 
most convenient way is to 
look throogh a prism with 
total reflection. 

e. Placing a prism with to- 
tal reflection in front of each 
eye, we obtain pseudoscopic 



relief when we look at any object, providii^ such an interjM'eta- 
tion is possible. A cigar is thus presented as a hollow leaf of 
tobacco, etc. Wheatsione had constructed an instrument of this 
kind named pseudoscope (fig. 190). 

/. The telestereoscope of Helmholts is composed of four 
mirrors arranged as we see in figure 191. The rays ab, a^b^, 
coming from a landscape, are reflected by the large mirrors 
towards the small ones, and by the latter towards the eyes. We 
obtain the same effect as if the eyes A and B were in the posi- 
tion of their images (Aj Bj) produced by the double reflection. 
We have seen that binocular relief is due to the distance which 
separates the two eyes. The greater this distance is the more 
pronounced is the relief. The instnmient gives relief to objects 
which, under ordinary circumstances, are too distant to give 
this perception; at the same time it makes them appear nearer 
and smaller, almost as if we looked at a diminished model of 

them. 

g. The iconoscope of Javal resembles somewhat an inverted 
telestereoscope, the eyes having taken the place of the object 
(a and aJ, and the object that of the eyes (in the direction of 
AB). 
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The instrument acts as if the eyes were very near each' other, 
at c and c^. Looking at objects through this instnunent, the 
relief disappears: the object appears flat, as in a painting. On 
the contrary, if we observe an engraving through the instru- 
ment, it presents a more pronounced relief than under ordinary 
circumstances. For, the binocular vision then ceases to make 
us observe that the different parts of the image are in the same 
plane, which destroys the illusion. Looking through the icono- 
scope the relief is more marked than when simply closing one 
eye. 




Oa. 



Bi.'^ 



Fig. 191. — Telestereoscope of Helmholtz. 



A. The binocular ophthalmoscope of Giraud-Teulon is analog- 
ous to the iconoscope. The mirrors are replaced by two glass 
rhombohedra, each of which covers half of the opening of the 
ophthalmoscope. As in the preceding case, the rays reach the 
eye after a double reflection on the small surfaces of the rhom- 
bohedron. The instrument acts as if the eyes were at cc^ (fig. 
192). 
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•• We draw the two figures, over each other, one with red 
lines, the other with blue |/nes. Looking through a red glass 
we do not see the red lines, and vice versa. — If we look at these 
anaglyphs, placing a red glass in front of one eye and a blue 




Fig. 192. — Binoeular ophthalmoscope of Oiraud-Teuloiu 

glass in front of the other, we obtain a stereoscopic eflFect. 
Changing the glasses the relief is reversed, if the nature of the 
object permits such an interpretation (d' Almdda), 

132. The effect of the stereoscope is to give an idea of the 
third dimension, such as no other representation can give of it. 
Its use has become especially popular since stereoscopic photo- 
graphs have been made, for though we can make stereoscopic 
drawings of stereometric figures, etc., it is impossible to make 
them of a landscape so that the reproduction may be exact. 
Dove used the stereoscope to see whether a bank note was false, 
by placing it in one of the fields and putting a genuine note in 
the other. If it was false he saw some of the letters leave the 
plane of the paper, for it is impossible to make an entirely 
exact counterfeit of an engraving, and the least difference in 
the distance of the letters produces relief. 

Sterkoscopic Lustre. — Under ordinary circumstances there 
are usually formed only in one eye images of the same objects 
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as in the other; as long as we place in the stereoscope images 
of real objects only, we simply see the relief. I have already 
said that, in the case of the controlled reading of Javal, we see 
at the same place the stick and the letters which it should con- 
ceal. The observer gets over the difficulty by supposing the stick 
transparent. Another interpretation of the same kind is known 
as stereoscopic lustre (Dove). If we draw one of the stereo- 
scopic figures with black lines on a white ground, the other 
with white lines on a black ground, we observe that the fused 
image presents a certain brightness, almost as if it was covered 
with a layer of plumbago. Replacing the black surfaces by 
colored surfaces, we sometimes obtain the metallic lustre. — 
Every bright body, in fact, sends back two kinds of light: 
regularly reflected white light and diffuse light which has the 
color of the body itself. When, in the stereoscope, we see at 
the same place white light and colored light, the contradiction 
is explained by supposing that the object we look at is bright. 

Antagonism of the Visual Fields. — ^When the images 
placed in the two fields are so different that they cannot be 
fused, as, for example, if we present to one eye horizontal lines 
and to the other vertical lines, we observe the phenomenon 
known as antagonism of the visucU fields: it is sometimes one, 
sometimes the other field which predominates, and while one 
predominates the other is suppressed; we do not see it at all. 
It is not the field of the same eye which predominates every- 
where ; the common field is composed of parts belonging to either 
eye. When one of the fields has predominated at one place for 
some time, the appearance changes, the other field getting the 
upper hand. The change often takes place under an external 
influence ; a winking of the eyelids or a change in the direction 
of the look sometimes suffices to bring it about. Furthermore, 
the phenomena vary much according to the objects. 

If we present to each eye outline pictures which do not cor- 
respond to each other, drawn on a uniform ground, but different 
for both eyes, we observe that the ground of each field pre- 
dominates near the picture which belongs to it. The following 
experiment demonstrates this fact in a quite striking manner. 
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When the two fields have not the same color, wc generally 
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the experiment with cf^ored shadows (page 289^ so as to have 
one of the shadows in each field of the stereoscc^. On blend- 
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jMipjU, nrme of whcmi succeeded in seeing the gray shadow. — 
1'herc are authors, however, who claim to have obtained the 
rolor of the mixture; the phenomenon is then, perhaps, of the 
Name order ai stereoscopic lustre. 
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133. Identical Points of the Betinse. — We say that one point 
of a retina is corresponding to, or identical with, a point of the 
other one, when the images of the same exterior point falling 
on these two retinal points are blended into a single image. If, 
in the second eye, the image is formed on any other point, it 
is not blended with that of the first eye : the point is seen double. 

It is evident that the two fovects are corresponding points, 
since the object fixed is always single. To find the other identical 
points, Johannes MiiUer has given the following rule. We sup- 
pose the retina divided into quadrants by a horizontal meridian 
and a vertical meridian, both passing through the fovea. The 
position of each point is then determined^ as on a terrestrial 
globe, by its longitude and latitude in relation to these two 
meridians. Two points having the same longitude and latitude 
are identical. The rule of Miiller agrees with that which we 
have laid down in chapter XXI, according to which an object 
is seen single when the two eyes see it in the same direction in 
relation to the point fixed. 

The researches of Volkmann have shown that the law of 
Miiller is not wholly exact, and that it is necessary to replace 
the vertical meridians by apparently vertical meridians, which, 
for a person standing upright and looking towards the horizon, 
converge about two degrees in the downward direction, so as 
to almost meet at the ground (see page 356). We then suppose 
the retina divided by circles parallel to this meridian as well as 
to the horizontal meridian, and the law of Miiller is applicable. 
— Placing in each field a really vertical line, these lines appear 
to converge upwards and must, consequently, cross if we try 
to blend them. In order that the experiment may succeed it is 
hecessary, however, to arrange them so that one line may be 
white on a black ground, the other black on a white ground. 
Otherwise the lines are blended nevertheless. 

Theories on the Nature of Identity. — ^The question of 
kno^nng why two points are corresponding while two others are 
not, has been much discussed. Most of the advocates of the 
theory of identity suppose that there exists an anatomical rela- 
tion between the two corresponding points. They suppose that 



392 PHYSIOLOGIC OPTICS 

the nerves conducting the impressions of two corresponding 
points unite, on their way to the chiasma, into one which con- 
ducts the impression to the brain. This idea was already ex- 
pressed by Galien, and has been confirmed by Newton, WoUaston 
and others. The so-called theory of projections is expressed 
almost as we have described it in chapter XiXI: a point on the 
left retina, situated lo degrees to the left of the fovea, localizes 
its impression at lo degrees to the right of the point of fixa- 
tion; the point situated at lo degrees to the left of the right 
fovea localizes its impression in the same direction; and as the 
two impressions are localized in the same direction, they are 
blended into one. The identity of the two foveas might be a 
result acquired by experience. This theory has been upheld by 
Kepler, Porterfield and, under an erroneous form, by Giraud- 
Teuton. 

Immediately after the invention of the stereoscope and the 
studies of the production of relief to which this invention gave 
rise, there was an inclination to abandon the idea of correspond- 
ing points, for the stereoscopic experiments seem opposed to 
what we have said on these points. Indeed, let us look in the 
stereoscope at a representation of the two points A and B, botb 
situated in the median plane, and fix the more distant A. The 
images of B are not formed on two corresponding points, since 
in one eye its image is to the right, in the other to the left of 
the fovea. Nevertheless, we see it single and in relief; that 
is to say, nearer than A. — On account of this apparent contra- 
diction, Wheatstone inclined towards the theory of projections. 
In despair of a better explanation, the advocates of the theory 
of identity supposed that a point of one of the retinae does not 
correspond to a point, but to a small surface of the other 
(Panum), An image falling on the point of the first retina could 
then become blended, either without relief, with an image formed 
at the middle of the small surface of the other, or with relief, 
with an image formed on a more peripheral point of the small 
surface. But, under this form, the theory of identity was not 
tenable ; it would be necessary, indeed, to suppose that the same 
two points could be sometimes corresponding, sometimes not 
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corresponding, which is scarcely admissible. The question was 
cleared up only by the labors of Javal. 

Theory of Javal on the Production of Reuef. — ^This 
theory calls especially for two factors, the neutralization (par- 
tial suppression of one of the images) and the influence of the 
ocular movements, on which BrUcke had already insisted. In 
chapter XXI reference was made to the suppression of one of 
the images, which takes place when different images are formed 
on two corresponding parts of the retinae. We then see, some- 
times the image of one eye, sometimes that of the other, and 
while we see the image of one eye, the corresponding part of 
the image of the other disappears absolutely. In normal per- 
sons the suppression especially manifests itself alternately for 
both eyes, under the form of antagonism of the visual fields; in 
strabismic patients, on the contrary, we often have occasion 
to observe the constant neutralization of a great part of the 
visual field of one eye. 

Brucke was the first who insisted on the great importance of 
the ocular movements for the perception of relief. Anyhow, it 
is certain that without them we could have only a very vague 
notion of it. Looking into a stereoscope, especially if the images 
are difficult to fuse, it is only after I have permitted my look 
to wander for some time on the figures, fusing sometimes the 
images of the distant objects, sometimes those of the near ob- 
jects, that relief appears to me. As long as the sensation of 
relief is not produced I see double, sometimes the near objects, 
sometimes the distant ones; but at the moment when relief 
appears, I see all of them single. Certain authors claim that they 
have observed relief by illuminating the stereoscopic imaged with 
an electric spark, the duration of which light is so short that 
all ocular motion is necessarily excluded. This would certainly 
be impossible in my case, for there always elapses a certain time 
before the real illusion, which does not prevent me from being 
able to form all at once a vague notion of relief. 

According to Jaiml, it is necessary, indeed, to distinguish be- 
tween the idea of relief, which is produced by the fact that we 
see near objects in double crossed images, and the measurement 
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of reHcf, which depends oo the jrmsafum of the d^ree of in- 
nervation necessary to co ni cr ge towards the near object. To 
acooont for the marnirr in which wie oome to obtain the sensa- 
tion of rdief , it is preferable to nse images wrfakrfa are quite 
difficult to blend, the stereoscopic paiaDax of the objects rq»e- 
sented being quite strong. We immrdiately fuse die images of 
distant objects, and aO the odiers appear in doable images. We 
then allow the look to stray oo die figure, which forces con- 
veigence more or less, acoordii^ as the object is represented 
more or less distant. After havii^ con tin ued thus for some 
time, relief manifests itsdf almost in the same way as we can 
with closed eyes obtain a very distinct idea of the form of an 
object by f eding it with the fingers. 
At the same time that rdief appears, 
the double images disappear; the 
image of one or other eye is sa^ 
pressed. If one of the eyes plays 
the part of the directing eye (see 
P^S^ 371 ) it is usuaOy the images 
of the other eye which are sup- 
pressed, unless the image of the pre- 
ponderating eye is much more peri- 
pheral than that of the other. In 
cases in which this preponderance is 
not developed, the double images 
seem to appear following the law of 
J aval: we suppress that one of the 
images which occupies the smallest 
retinal surface. We can account for 
the manner in which we suppress 

the images by looking at a rule which is held obliquely before 
the eyes, so that it presents a greater surface to one e)re than 
to the other- Whether it occupies the position AA (fig. 194), or 
the position BB, it seems to me, seen binocularly, to have the 
same appearance as when I close the left eye. Persons in whom 
the preponderance of one eye is not developed see the rule 
binocularly, as it is presented to the left eye, if it occupies the 
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Fig. 194. 



BINOCULAR PERCEPTION OF DEPTH 395 

position AA. In the position BB they see it, on the contrary, 
as it presents itself to the right eye. 

The discussion of the two theories of binocular vision, that 
of identity and that of projections, has not yet closed. The 
explanation of Javal is applicable in reality as well to one as to 
the other. We can imagine the projection learned by experience ; 
and even the fact of always projecting the images of the two 
foveas 3i the same place, the foundation stone of binocular vision, 
may be something learned. It is, perhaps, the superiority of 
the fovea, as to visual acuity, which causes us to always bring 
the images of the object which interests us to form themselves 
on both foveas, and we may thus have been led to always localize 
the impression of the two foveas at the same place. On the 
other hand, the advocates of the theory of identity take their 
stand on the anatomical observations of the semi-decussation in 
the chiasma, and especially on comparative anatomy, which 
shows that in many animals — ^fish, for example — ^whose eyes are 
placed so as not to have a common visual field, the optic nerves 
cross completely. Clinical observations in hemianopsia, especially 
those of partial hemianopsia, are a further argument in favor 
of this theory. The study of the vision of strabismic patients, 
which is perhaps the best means of deciding the question finally, 
shows, as we shall see in the following chapter, that, in conse- 
quence of a false position of the eyes, there may be developed 
a kind of correspondence between two retinal points which, 
under ordinary circumstances, are not corresponding; but this 
relation never assumes the character of true binocular vision with 
fusion, and it sometimes suffices, in a person who has squinted 
since childhood, to place the eyes in an approximately correct 
position, in order that, in the course of a fortnight, correct pro- 
jection may gain the upper hand. 
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CHAPTER XXIV 

STRABISMUS 

134. Different Fonm of Strabiamns. — We say that there is 
strabismus when the two visual lines do not intersect at the point 
fixed. The image of the point fixed is not, therefore, formed 
on the two foveas, and since the two foveas are always corre- 
sponding points^ there is no binocular vision. One might, there- 
fore^ define strabismus as the condition in which binocular vision 

• 

is wanting, at least at certain moments or for certain directions 
of the look. It must be observed, however, that we may meet 
with cases in which the visual lines have the proper direction, 
at least apparently, but in which binocular vision is, nevertheless^ 
wanting; this case often presents itself in persons affected with 
strabismus, who have undergone a successful operation. It is 
also customary to speak of strabismus when one eye deviates, 
even if it is completely blind. The study of strabismic patients 
is very important for different questions of physiologic optics. 

We distinguish two forms of strabismus : paralytic strabismus, 
due to a paralysis of one or more muscles, and concomitant 
strabismus, which, in the great majority of cases, is due to the 
defect of innervation (Hansen-Grut) . The symptoms by which 
we make the differential diagnosis between these two forms of 
strabismus are well known. They have passed from the classic 
memoir of Graefe into all treatises of ophthalmology. In cases 
of paralytic strabismus the excursion of the eye is less on the 
side of the paralyzed muscle, and the secondary deviation is 
greater than the primary. Patients present diplopia, either spon- 
taneously, or more especially if we examine them with a candle 
and a colored glass. The distance between the two images in- 
creases when the lode is directed towards the side of the dis- 
eased muscle, and it is the image of the diseased eye which is 
farthest away in this direction. 

When the patient closes the healthy eye and looks towards 

397 
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an object situated on the side of the diseased muscle, th^ pro- 
jection is false ; for, as it is necessary, on account of the paresis, 
to use a stronger innervation to bring the eye to fix the object, 
the patient thinks that this object is situated more to one side 
than it really is, and when he wants to grasp it quickly he brings 
the hand too far to that side. I have already observed (page 
367) the importance of this observation to demonstrate that we 
judge the direction of the look above all by the degree of in- 
nervation used to bring it into this direction. 

Concomitant Strabismus. — ^When we speak of strabismus 
without other qualification it is generally this form that we 
mean. — In this strabismus the deviation is almost the same for 
all directions of the look, except that generally the convergence 
is more pronounced for the downward than for the upward look. 
The secondary deviation is equal to the primary deviation. The 
patient does not complain of diplopia, but we may always bring 
it about by the means which I shall describe forthwith. The 
distance between the two images is the same everywhere, to 
whichever side the patient looks. The simplest means of diag- 
nosing strabismus is to make the patient fix an object, the finger 
of the observer, for example. If one of the eyes seems to 
deviate, we cover the other, and if the former then makes a 
movement to fix, it was deviated: strabismus is, therefore, 
proved. This examination must be repeated for a distant ob- 
ject. If we do not discover strabismus by this means, it may, 
nevertheless, happen that the patient has it, but in a very slight 
degree, or, in other words, that he has no binocular vision; we 
may, in this case, place a prism, apex inwards, in front of the 
eye. If there is binocular vision the eye makes a movement of 
convergence to neutralize the effect of the prism (Graefe). — If 
the strabismus is periodic we can sometimes discover it by mak- 
ing the patient fix a very small object, a word printed in very 
small type, for example; the patient is obliged to accommodate 
to distinguish the word, and the effort of accommodation may 
then cause strabismus. 

Latent Strabismus. — In order to see whether there is latent 
strabismus, we make the patient fix the finger of the observer; 
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we cover one eye and examine, on uncovering it, whether the 
eye deviated under the hand and whether it straightened itself 
in order to fix. If the deviating eye does not straighten itself, 
the strabismus has become manifest ; if it does straighten itself^ 
it is latent. — ^According to Graefe, we make the patient observe 
a long vertical line which has at the middle a black spot, or, 
which is preferable, a candle, while we place in front of one 
of his eyes a prism, apex upwards. If there is latent strabis- 
mus, the patient sees two objects placed exactly one above the 
other (if the apex of the prism forms a horizontal line). If 
not, there is latent strabismus, and we can then measure the 
degree of it by placing the prism of Cretis before the other eye 
and finding the degree of this prism which makes one image 
appear above the other. We can also use the Maddox test, etc. 
Javal placed a ground glass lens before one of the eyes of the 
patient; this glass prevents the eye which it covers from dis- 
tinguishing anything, while the observing eye sees the covered 
eye sufficiently well to judge of its position. 

Making the examination in this way, we find, in many people, 
a slight degree of latent divergent strabismus for near vision. 
This condition is often designated as insufficiency of the internal 
recti. This expression is ill-chosen and should be discontinued. 
The internal recti are not weaker than in the normal eyes, as 
Hansen-Grut has shown, for, otherwise this weakness ought to 
manifest itself also for the associated movements. If the right 
internal rectus were really weaker than in the normal state, we 
should, when looking to the left, see the phenomena appear 
which characterize paresis of the right internal rectus, which is 
by no means the case. It is not in the muscles, it is in the in- 
nervation of convergence that we must search for the cause of 
this deviation. We might, therefore, speak of an insufficiency 
of convergence, but this also would be a bad expression, for 
many patients affected with this deficiency can converge as well 
as normal persons; it is only the stimulus of convergence that 
is wanting, (i) 



(1) [In UilB countiT Stevens' nomenclature has been generally accepted. Ac- 
cording to bim tbl8 condition ia called exQpKoriaJ\ — W. 
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136. Measurement of Strabismus. — i^ We cover the good 
eye; the strabismic eye straightens itself, and we value, in milli- 
meters, the extent of the displacement of the cornea. 

2° Javal has proposed to measure the deviation in deg^rees by 
means of the perimeter. He places the patient so that the 
strabismic eye is in front of the point of fixation of the peri- 
meter. The patient fixes this point with his good eye. The 
observer then moves a candle along the arc of the perimeter, 
sighting in the direction of this candle towards the strabismic 
angle. He finds the position in which the corneal image is at 
the middle of the pupil, which indicates approximately the direc- 
tion of the visual line of the strabismic eye. In the keratoscopic 
arc of de Weaker, the candle is replaced by a white mire, and 
at the point of fixation is a small mirror in which is reflected a 
distant object which serves as the point of fixation. 

3^ We can use the distance of the two images as a measure 
of the strabismus if there is diplopia. We can measure this dis- 
tance with the prism of CrHh, or by projecting the images on 
a wall provided with a graduation in degrees (Hirschberg, Lan- 
dolt) or on a Prentice scale. 

The deviation often varies much with the distance of the ob- 
ject fixed. It may also be useful to determine the deviation at 
different distances, at 4 meters and at 25 centimeters, for ex- 
ample, as Schioetz has proposed. 

136. The etiology of conoomitant strabismus is a quite com- 
plex question on which opinions are still divided. Boehm dis- 
covered the relation which exists between hypermetropia and 
convergent strabismus, and Bonders, in a general way, announced 
the part that the anomalies of refraction play in the etiology of 
strabismus. This influence cannot be denied, and it is especially 
striking for convergent strabismus. In my extensive compila- 
tion of statistics of young conscripts (see page loi) there were 
42 cases of convergent strabismus, of whom 31 were hyper- 
metropes, 7 emmetropes and 4 myopes ; that is to say, that about 
70 per cent, of the persons squinting inwards were hyper- 
metropes. But, on the other hand, there were in all 301 hyper- 
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metropes (of 2 dioptries or more) ; only a very small minority 
of the hypermetropes squint, therefore. 

The manner in which Bonders explained the relation between 
convergent strabismus and hypermetropia is well known. When 
an emmetrope fixes a near object, it is above all the necessity 
of seeing it single which regulates the position of his eyes. But, 
if we cover one of the eyes, this need no longer exists, and, 
nevertheless, the observed person generally continues to con- 
verge towards the point fixed; this is due to the relationship 
which exists between accommodation and convergence. Even 
if the observed person is sufficiently myopic to make it unneces- 
sary for him to accommodate for the object, the covered eye 
converges, nevertheless, pretty exactly for the object. This is 
due to what Hansen-Grut termed sensation of the distance; 
knowing that the object is at a short distance away, the patient 
converges because he is accustomed to do so in the interest of 
binocular vision, even in a case in which this interest no longer 
exists. 

These three factors regulate the degree of convergence to be 
used. Under ordinary circumstances, it is the first factor which 
is of most importance; but, in cases of hypermetropia, it may 
happen that, in ^order to sustain his accommodation, the patient 
converges more than is necessary for fusion. He then sacrifices 
his binocular vision to obtain distinct vision with one eye only, 
and this happens with special ease when the vision of the other 
eye is diminished for one reason or another (opacities of the 
cornea, astigmatism, etc.). In a certain number of cases we 
find vision greatly diminished without any perceptible reason. 
We cannot yet say whether this diminution is a consequence of 
strabismus {amblyopia ex anopsia)^ or whether it is not rather 
a cause of strabismus, due to a congenital anomaly. 

If we thus explain why a hypermetrope may become strabis- 
mic, we cannot well understand why the great majority of hy- 
permetropes do not squint. They often seem to have quite as 
much reason to squint as strabismic patients. Javal supposes 
that strabismus has developed under the influence of paresis of 
the accommodation which is cured later. The existence of such 
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paresis is certainly hypothetical, but it would very well explain 
the origin of strabismus; the parents of strabismic children are 
quite frequently affected with convulsions, intestinal worms^ 
which might have produced nervous troubles, etc. According to 
de Weaker, z certain number of cases of convergent strabismus 
might be due to a paralysis of one of the external recti acquired 
during infancy. Paralytic strabismus would be transformed 
later into concomitant strabismus. 

Myopia plays, in the production of divergent strabismus, a 
less important role than hypermetropia in the production of con- 
vergent strabismus. As the myope does not accommodate at 
all, or only slightly for near objects, one of the factors which 
sustains convergence is wanting. If the eyes are very unequal, 
there may readily follow a divergent strabismus relative to near 
objects. On the other hand, distant vision is so diffuse for the 
more imperfect eye that binocular vision is of little usefulness, 
and this eye then easily deviates outwards. Generally speaking, 
every eye, the vision of which is destroyed or greatly diminished, 
has a tendency to deviate outwards. — In very rare cases we meet 
in myopes a special form of convergent strabismus. 

The ideas on the nature of strabisums are much divided. 
Most authors find the cause of strabismus in the muscles, for 
instance, v. Graefe ("excess of average contraction"), Schweig^ 
ger ("excess of elasticity of the muscles"), etc. Others, Alfred 
Graefe and Javal, for instance, attribute periodic strabismus and 
the variable part of permanent strabismus to innervation, while 
they suppose that the permanent part is due to consecutive 
muscular alterations. The theories which attribute the vast 
majority of cases of strabismus to a defect of innervation are 
beginning to gain ground. They have been advocated by Stell^ 
wag, Rahlmann, Hansen-Grut and Parinaud. The theory of 
Hansen-Grut seems to me to adapt itself best to the phenomena. 

According to this author, the whole muscular theory collapses 
before the following observation. Suppose a left convergent 
strabismus of 6 mm. : if this strabismus had a muscular origin, 
it would be necessary that the limit of excursion outwards of 
the left eye would be displaced inwards 6 mm. But we never 
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find anything of the kind. If the limit is sometimes displaced 
a little inwards, this is due to a lack of habit, since we never 
have occasion to make so great a motion with the strabismic eye. 
Hansen-Grut distinguishes between the position of anaiomic 
eqmlibrium and the position of functional equilibrium of the 
eyes. The former is the position which the eyes assume apart 
from all nervous influence. When the eyes are in this position 
(during sleep, after death, etc.), the visual lines diverge in nearly 
all patients. The position of functional equilibrium is the posi- 
tion which the eyes assume when we look at a distant object 
with one eye covered. In this position the visual lines are 
parallel in normal persons. The convergent strabismus is due 
to the fact that there is developed an unusual position of func- 
tional equilibrium; the divergent strabismus, on the contrary, 
is due to the fact that such a position is not developed at all, so 
that the eyes are placed in the position of anatomic equilibrium. 

137. Vision of Strabismic Patients. — Except in cases of con- 
vergent strabismus of myopes, strabismic patients do not gen- 
erally complain of diplopia; they suppress the image of the 
deviated eye, so that the strabismic eye serves only to slightly 
increase the visual field. We may, however, always cause diplo- 
pia by holding a red glass in front of the good eye, by keeping 
this eye closed for some days, etc. ; but then we often meet with 
the singular phenomenon termed paradoxical diplopia. This 
diplopia was discovered by v. Graefe, Examining persons af- 
fected with convergent strabismus, in whom he had performed 
a tenotomy which partly corrected the defect, he found crossed 
diplopia, although the visual lines were still convergent, and the 
patients, according to the ordinary rule, should have indicated 
homonymous diplopia. Javal was the first to study this phe- 
nomenon on patients not operated on. The explanation of this 
fact is that there is developed what has been very improperly 
named a vicarious fovea. The patient has first cultivated the 
habit of suppressing the image of the strabismic eye ; then there 
is gradually formed an idea of the false position of the strabismic 
eye ; he has learned that an object which forms its image on the 
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fovea of the good cje, forms its image at a point (fr) inwards 
from the fovea of the strabismic cje, and he has learned to 
UkbHzc this image at the place where the object to wfaidi it 
belongs is situated. If we place a prism, apex down, in frcMit 
of the good eye, the patient s o mrthn es says that he sees only 
the image of the strabismic eye; the patients localize it almost 
on the same vertical line as the image of the good cye^ instead 
of indicating widely separate homon y mous images. It is, there- 
fore, as if there was developed a correspondence between the 
point b and the fovea of the good eye. But the localization of 
the image is alwajrs very uncertain; the patient sometimes says 
that he sees both images well, but that it is impossiUe to tell 
which is the image of the strabismic eye. 

If we perform a tenotomy iduch does not completely correct 
the deviation, the image of the point fixed is no longer formed 
either on the true fovea or the vicarious fovea, but between the 
two. Patients first project the image accordii^ to the vicarious 
fovea: as it is formed on a part of the retina situated outside of 
the latter, the patient sees the object in crossed images. Later, 
especially if we make systematic exercises in order to reach it, 
ihc true fovea comes to exert its preponderating influence: the 
patient sees the object in homonymous images. Following the 
development of the change of vision of the patient, we some- 
times succeed in finding a time when the patient projects the 
image of the strabismic eye according to both foveas at once: 
he sees with the strabismic eye, at the same time, one image 
to the right and another to the left of the object. This singular 
form of vision has been described by /at/ai under the name 
binocular triplopia. I have had occasion to study a case of this 
character. 

188. Treatment of Strabismus. — If we confine ourselves to the 
treatment by operation, it is prudent not to completely correct 
convergent strabismus, for the strabismic eye has a tendency 
to put itself in divergence, a tendency which sometimes suffices 
by itself to finally cause the convergent strabismus to disappear. 
On the contrary, when it is our intention to reestablish binocular 
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vision, we must try to make the position of the eyes as correct 
as possible. This reestablishment is often a very long and diffi- 
cult matter; the task is less arduous in cases in which there 
still exists binocular vision in a part of the field. In certain cases, 
such as the periodical divergent strabismus and the convergent 
strabismus of myopes, we succeed by means of some exercises, 
or even by the simple operative treatment. According to Javal, 
who especially devoted his attention to this question, the course 
of the treatment is as follows: 

a. Reestablishment of diplopia and, if possible, of the vision 
of the strabismic eye. We keep the good eye covered by means 
of a blind patch; if the vision of the other eye is very bad, in 
order to less annoy the patient, we allow him to wear the patch 
on the bad eye during several hours of the day, but it is neces- 
sary, during this period of treatment, never to allow the two 
eyes to be uncovered at the same time, under penalty of never 
seeing the neutralization disappear or of seeing the strabismus 
mcrease ; for, as the diplopia annoys so much less as the images 
are more distant from each other, the patient tries to squint 
more strongly in order to separate the images. 

b. ReestMishment of the approximately correct position of 
the eyes by way of operation. 

c. Stereoscopic exercises. — We b^n by placing in each fidd, 
on each visual line, a round spot. If the patient fuses them, we 
move them farther or nearer, in order to develop in him the 
necessity of seeing single. The stereoscope of Javal, an imita« 
tion of that of Wheatstone (fig. 189), but with a variable angle 
between the mirrors, lends itself very well to this exercise. As 
soon as the patient sees double, we begin. When the patient 
has succeeded, we make him fuse letters by giving him smaller 
and smaller characters. For all these tests it is necessary to 
add to each figure numerous small marks, different ones for 
each eye, in order to make certain that the patient really fuses. 
He ought to see the figure with both series of marks ; otherwise, 
he neutralizes one of the figures, instead of fusing both. When 
beginning these exercises, we often encounter the phenomenon 
which V. Graefc designated under the name of antipathy to single 
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vision. When we place the round spots in positions correspond- 
ing to the visual lines, the patient converges or diverges in order 
not to fuse them; if we try, in this new position of the eyes, 
he makes his conveiigence change again^ and so forth. JcnnU 
invented a very ingenious card to surmount this difficulty, which 
is often very great. 

d. Exercises without the stereoscope. — ^There often exists a 
part of the field in which the patient sees single ; then we make 
him exercise in order to increase this part, for example, by 
placing a candle in the part of the field in which the patient fuses 
and bringing it towards the other part; when the patient sees 
double^ we begin again. 

^. If the patient stands these different tests, we begin to make 
him do controlled reading. We interpose a pencil between the 
eyes and the book; reading can then take place without inter- 
ruptions only by using both eyes. This exercise must be con- 
tinued for months. It is only a long while after the reestablish- 
ment of binocular vision that the patient can see relief. 
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CHAPTER XXV 
OPTIC ILLUSIONS 

138. — We designate by the above name cases in which the 
visual impressions give rise to a false judgment on the nature 
of the object. Illustrations, paintings and, generally, all repre- 
sentations of an object have the effect of produdng these illu- 
sions; and all optic instruments act in a like manner. In the 
former part of the book I have mentioned several times illusions 
of a more special character; I shall here describe briefly some 
others, the explanation of which, in most cases, is quite obscure. 

a. A first series of illusions is based on the fact that a line 
or space seems larger whea it is divided than when it is not. 
This is the reason why the two parts ab and be of the line (fig. 



195) have the same length, but that still the part be appears 
longer, because it has divisions. The two illustrations of figure 



Fig. IB6. 

196 are square, but the illustration a seems wider and the illu- 
stration b higher, on account of the divisions. For the same 
reason, a space filled with furniture appears larger than when 
it is empty. 
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b. Very small angles are estimated to be larger than they are 
in reality. The following illusions may be considred as examples 
of this rule. The lines ab and cd of fig- 
ure 197 are situated in the prolongation 
of each other, but cd seems displaced up- 
wards. The illusion increases if we 
move the figure farther away. We may 
conceive that if we judge the acute angle 
to be too large, the line cd ought to seem 
to have undergone a rotation around the 
point c, the line ab around the point b, 
which would produce the illusion in 
question. 

The same error of judgment seems to 
(take place in the illusion produced by the designs of figure 198 
(Hering) and figure 199 (ZoUner). 

In figure 198 the long lines are straight and parallel, but seem 
curved ; in the upper part of the figure they appear to have their 
concave sides turned towards each other; in the lower part the 




Fig. 197. 






Fig. 198. 

contrary takes place. In the figure of Zollner, the long straight 
lines, which are parallel, seem to converge or diverge upwards, 
following the direction of the small oblique lines. We can con- 
ceive that these illusions would be produced if the judgment at- 
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tributes a too lai^e size to the acute angles. According to Helm- 
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holiz, the movements of the look play a great part in the pro- 
duction of these illusions; they appear much more pronounced 
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if we keep the look quiet. If we bring a point slowly from right 
to left in front of the figure of Zollner, while fixing it with the 
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look, the lines seem to move ; those which appear to incline their 
upper extremity to the right seem to ascend, while the others 
seem to descend, and the inclination seems at the same time 
more pronounced. If we bring the point from left to right, the 
lines affect reverse movement. The experiment is not very 
easy to perform, but we can obtain the same effect more easily 
by keeping the point which we fix motionless and moving the 
drawing. 




Fig. SOI. 



c. The two long straight lines of figure 200 have the same 
length, but b appears smaller than a. 

d. We frequently estimate cylinders too large. If we place 
a large bottle on a sheet of paper, and trace its circumference, 
we can with difficulty conceive, after having taken away the 
bottle, that we are not deceived, so small is the circle. Another 
error of judgment is well known: we present a tall hat to some 
one, asking him to indicate on the wall its height, starting from 
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the ground. Generally the height pointed out is about half too 
large. 

e. I have already mentioned the reverse of relief which we 
observe when we change the stereoscopic images sideways, and 
which is known under the name of pseudoscopia. We sometimes 
observe the same phenomenon under other circumstances. If, 
for example, we fix with one eye the posterior part of the upper 
border of a lamp chimney, we obtain quite easily the illusion 
that this part is in front, and the glass seems at the same time 
to lean towards the observer. — Observing with one eye the cast 
of a medal, it may be difficult to tell whether the figure is hollow 
or in relief. 

Analogous phenomena often present themselves in cases in 
which a drawing may be interpreted in two different ways. Thus 
figure 201 seems composed of cubes, the illuminated side of 
which is turned sometimes to the right, sometimes to the left. 
When one interpretation has predominated for a certain time, 
the other suddenly presents itself. Wie can instigate the change 
by quickly imagining the contrary relief. 

/. We mention, finally, the illusions of movements of exterior 
objects, which often present themselves in consequence of the 
false judgment of the movements which we ourselves make. One 
of the best-known examples is that of the apparent movements 
of objects when we are traveling by rail; the traveler does not 
take into account his own change of position and attributes the 
movement to the exterior objects. The reverse illusion often 
presents itself when one train stops alongside of another; if 
the latter is put in motion, we often attribute the movement to 
our own train. Waltzers see exterior objects rotate around them 
in a direction contrary to their own rotation. The movement 
seems to continue for some time after stopping, on account of 
the persistence of the jerking movements of the eyes (page 360). 

Generally, exterior objects do not appear to be displaced during 
the movements of the look, but if we bring the look quickly 
from one of the limits of the field to the other, exterior objects 
seem to move in the contrary direction. 
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Aubert has described the following illusion, which is due to 
a like reason. In the shutter of a completely dark room we 
make a vertical slit, which is then the only object visible. Lean* 
ing the head towards one of the shoulders, the slit seems to 
undergo a rotation in the reverse direction ; it no longer appears 
vertical. We judge the inclination of the head to be less than 
what it is, almost in the same manner as the movements which 
we cause the eyes to make while keeping the lids closed, always 
seem less than they really are. The experiment also succeeds 
outside of the dark room, especially if we place ourselves in 
such a way as not to see any other lines, the direction of which 
we know to be vertical. 

Bibliography.— Zollner. Veber Hue neue Art voti Pieudo$eopie. Pogg. 
Ann., GX, p. 500.— Hering (£.). BeitrUge 8wr Phiftiologie. Leipzig, 1861, 
I, p. 65.— Aubert (H.). Phisiologie der NetMhavt. Bradany 1865. 
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The Principles of Refraction 

in the Human Eye, Based on the Laws of 

Coiqugate Foci 

Bj SWAN M. BURNETT, M. D^ PH. D. 

Professor of Ophthalmology and Otology in the Georgetown UnlTerslty Medical 

School; Director of the Bye and Bar Clinic. Central Dispensary and 

Bmergency HospiUl ; Ophthalmologist to the Children's HospiUl 

and to ProTidence Hospital, etc., Washington, D. C. 



In this treatise the student is given a condensed but thor- 
ough grounding in the principles of refraction according to a 
method which is bath easy and fundamental. The few laws 
governing the conjugate foci lie at the basis of whatever pertains 
to the relations of the object and its image. 

To bring all the phenomena manifest in the refraction of the 
human eye consecutively under a common explanation by these 
simple laws is, we believe, here undertaken for the first time. 
The comprehension of much which has hitherto seemed difficult 
to the average student has thus been rendered much easier. This 
is especially true of the theory of Skiascopy, which is here eluci- 
dated in a manner much more simple and direct than by any 
method hitherto oflFered. 

The authorship is sufficient assurance of the thoroughness 
of the work. Dr. Burnett is recognized as one of the greatest 
authorities on eye refraction, and this treatise may be described 
as the crystallization of his life-work in this field. 

The text is elucidated by 24 original diagrams, which were 
executed by Chas. F. Prentice, M. E., whose pre-eminence in 
mathematical optics is recognized by all ophthalmologists. 

Boand in Silk Cloth 
S«nt pottpaid to mnj part of tbe world on recoipt of prioo 

$2^ 



PUBLISHED BY 

THE KEYSTONE PUBLISHING CO. 

PHILAOEXPHIA, U. S. A. 



The Optiiaan's Manual 



VOLL 




Tlie Opck3SUi''s MamaU VoL i^ has prored to be tbe most 
popular work on practical refraction crcr pnhHihrd The knowl- 
edge it contains has been more effectiTe in bnildiii^ up the optical 
profesnon than anr other edncational factor. A study of it is 
esfiential to an inteD^ent appreciation of VoL II., for it lays the 
foondation stmctnre of all optical knowledge, as the titles of its 
tendiapters show: 
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The Optician's Manual, \*ol I., is complete in itself, and 
ha» been the entire optical education of many successful opti- 
rians. For student and teacher it is the best treatise of its kind, 
b<'in^ simple in style, accurate in statement and comprehensive 
in itH treatment of refractive procedure and problems. It merits 
I he place of honor beside Vol. II. in every optical library. 

Bpund in Cloth— 422 pmg9» — color«d pUtcs 



$3.50 

PUBLISHED BY 

THE KEYSTONE PUBLISHING CO. 

PHILADELPHIA, U. S. A. 



The Optician's Manual 

VOL. II. 

B7 C. R BROWN, M. D. 

Graduate University of PennsylTania ; Professor of Optics and Refraction ; formerly 

Physician in Philadelphia Hospital ; Member of Philadelphia County, 

PennsylTania State and American Medical Societies. 



The Optician's Manual, Vol. II., is a direct continuation 01 
The Optician's Manual, Vol. I., being a much more advanced and 
comprehensive treatise. It covers in minutest detail the four 
great subdivisions of practical eye refraction, viz: 

Myopia, 
ffiypwrmotropuu 
Astigiiia*iuii. 
Mvscular Anomalies. 

It contains the most authoritative and complete researches 
up to date on these subjects, treated by the master hand of 
an eminent oculist and optical teacher. It is thoroughly prac- 
tical, explicit in statement and accurate as to fact. All refrac- 
tive errors and complications are clearly explained, and the 
methods of correction thoroughly elucidated. 

This book fills the last great want in higher refractive optics 
and the knowledge contained in it marks the standard of pro* 
fessionalism. 

Boand in Cloth— 408 pages— with illiutrationa. 
Sent postpaid on receipt of 

$3.50 
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Ophthalmic Lenses 

Dioptric Formulae for Combined Cylindrical 

The Prism-Dioptry and Other Original Papers 

Bj CHARLES F. PRENTICE, M. E. 



A new and revised edition of all the original papers of this noted 
author, combined in one volume. In this revised form, with the addition 
of recent research, these standard papers are of increased valne. Com- 
bined for the first time in one volume, they are the greatest eompilation 
on the subject of lenses extant. 

This book of over 200 pages contains the following papers: 

OpkAahaicLmmm, 

Dtoptric FovmoU* for Coihiaai 

Thm PriHB-Oioptry. 

A M«lric SyitMa ol NambwiM 

The Relation of the Prlsm-Dloptnr to the Meter Ancle. 
The Relation of the Prlsm-Dloptry to the Lens Dioptry. 
TIm PmtHctmd Pi b momter. 



Ob th« Pfttdical EsMvdoa ol OpktluJmie PlTMerlplloM fatvoMac „ 
A ProM— fai C— lenUd Btfoc^l L— — a. Sokwmd by fkm Prkm Piomrf . 
Why Strooc Coatr»-G«iMric Luhm off E«oal Powor Fall to N««tnJis« 

EachOthor. 
Tbo Adraatacaa off tko S p h w o Toric Loaa. 
Tko Iria, as Diaphracm and Pholoolat. 
Tbo Typoacopo. 
Tbo Corfoc b oa off Doplotod Dyaaouc Roffraetioa (Praabyopla). 

Frmn NoftcM on ihm Owigmai 

OPHTHALMIC LENSES 



"The work stands alone, in Us 
present form, a compendium of the 
various laws of physics relative to 
this subject that are so difficult of 
access In scattered treatises." — New 
England Medical Oazette. 

"It Is the most complete and best 
illustrated book on this special sub- 
ject ever published." — Horological 
Review, New York. 



"Of all the simple treatises on 
the properties of lenses that we 
have seen, this is incomparably the 
best. . . . The teacher of the 
avera^ medical student will ball 

this little work as a great boon." 

Archives of Ophthalmology, edited 
by H. Knapp, MJ). 



DIOPTRIC FORMULAE FOR COMBINED CYLINDRICAL LENSES 



"This little brochure solves the 
problem of combined cylinders in all 
its aspects, and in a manner simple 
enough for the comprehension of the 
average student of ophthalmology. 
The author is to be congratulated 
upon the success that has crowned 
bis labors, for nowhere is there to 
be found so simple and yet so com- 
plete an explanation as is contained 
in those pages." — Archives of Oph- 
thalmolooy, edited by H. Knapp, M. 
D. 



The book contains 110 Original 

Price, $3.00 



"This exhaustive work of Mr. 
Prentice is a solution of one of the 
most difficult problems in ophtbal- 
mologlcal optics. Thanks are due to 
Mr. Prentice for the excellent man- 
ner in which he has elucidated a 
subject which has not hitherto been 
satisfactorily explained." — The Oph- 
thalmic Review, London. 



rams. Botuid in Cloth. 
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The Refractive and Motor 
Mechanism of the Eye 



The Latest, Most Comprehensive and Most Authori- 
tative Treatise on Eye Refraction 



Bj WILLIAM NORWOOD SOUTER, M. D. 

Associate Ophthalmologist, Episcopal Eye, Ear and Throat Hospital, 

Washington, D. C. 



Bound in Silk Cloth, 3S0 Paget with 148 
ninslrationa, $3.50 



This treatise brings the science of eye refraction right up 
to the moment, and solves definitely for student and practitioner 
the question of the best text-book and reference book on re- 
fraction. In addition to the profound knowledge of the author, 
the book contains all the researches on the subject which practice 
has proved authoratative. 

A feature of the book is a description of a new ophthal- 
mometer, the author's invention, by means of which both corneal 
and lenticular astigmatism can be measured. 

This is the only work of its kind in which every statement 
taken from other sources has been verified by the author. 
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OPTOMETRIC RECORD BOOK 



A record book» wherein to record optometric examina- 
tions, is an indispensable adjunct of an (^tician*s outfit 

The Keystone Optometric Record Book was specially 
prepared for this purpose. It excels all others in being not 
only a record book, but an invaluable guide in examinaticHi. 

The book contains two hundred record forms with printed 
headings, suggesting, in the proper order, the course of exami- 
nation that should be pursued to obtain most accurate results. 

Each book has an index, which enables the optician to 
refer instantly to the case of any particular patient 

The Keystone Record Book diminishes the time and 
labor required for examinations, obviates possible oversights 
from carelessness and assures a systematic and thorough ex- 
amination of the eye, as well as furnishes a permanent record 

* 

of all examinations. 

Sent postpaid on receipt of 

$2.00 
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